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New  experimental  data  are  presented  which  show  that  the  initially 
neutral  bridging  oxygen  vacancy  (Vq),  [(Si-0)g=Si  • • Si=(0-Si)g)],  is 
important  in  gate  oxide  charging.  Two  electron  bound  states  for  the  defect 
are  experimentally  measured  on  industrial  gate  oxide,  a shallow  and  deep 
level  located  leV  and  7eV  from  the  oxide  conduction  band.  The  shallow 
level  is  measured  using  a new  experimental  technique  which  we  have 
developed  for  characterization  of  traps  in  insulators  and  semiconductors  and 
have  applied  to  Si02-  The  technique  uses  the  electric  field  as  the  stimulant 
and  the  tunnel  transition,  the  detrap-emission  mechanism,  to  determine  the 
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trap  energy  level.  A distribution  of  shallow  charged  oxide  traps  in  energy  is 
found  throughout  0-3eV  below  the  oxide  conduction  band  edge  with  a peak 
density  of  states  between  0.9eV  to  l.OeV.  The  measured  shallow  energy 
level  at  the  peak  density  is  consistent  with  the  recent  theoretical 
anticipation  for  a shallow  state  at  a bridging  oxygen  vacancy.  The 
measured  deep  level  is  concluded  from  electron  generated  positive  oxide 
charge  experiments.  Experiments  are  presented  which  indicate  for  the  first 
time  that  the  positive  charge  located  in  the  bulk  oxide  film  probably  results 
from  creation  of  the  E'  center,  Vq+  donor,  due  to  emission  of  a trapped 
electron  by  electron  impact  at  an  initially  neutral  bridging  oxygen  vacancy, 
Vq.  An  impact  electron  threshold  energy  of  7eV  is  measured  which  is 
consistent  with  the  theoretical  calculated  bound  state  energy  of  7.8eV  for  a 
deep  electron  at  the  oxygen  vacancy.  Electron  capture  at  the  deep  positive 
trap,  Vq+  + e ->  Vq,  is  shown  to  limit  the  buildup  of  positive  oxide  charge 
during  electron  impact. 
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CHAPTER  1 
INTRODUCTION 


Since  the  first  successful  fabrication  of  the  modern  metal-oxide- 
semiconductor  field  effect  transistor  (MOSFET)  using  oxide  thermally  grown 
on  a silicon  substrate  by  Kahng  and  Attalla  of  Bell  Laboratory  in  1960[1], 
numerous  researchers  have  investigated  the  instability  of  the  drain  current 
versus  gate  voltage  (Iq-Vq)  characteristics  due  to  (i)  charging-discharging 
and  generation-annihilation  of  bulk  oxide  electron  and  hole  traps  and  (ii) 
generation-annihilation  of  interface  traps.  Recently,  Sah  reviewed  in  detail 
the  historical  developments  of  the  MOS  transistor[2],  the  physical  charging- 
discharging and  generation-annihilation  processes[3,4],  and  the 
experimental  data  on  oxide  and  interface  traps[5].  Sah[4]  identified  (i)  eight 
trap  generation-annihilation  processes  via  hydrogenation,  (ii)  ten  trap 
charging-discharging  processes  via  elastic  tunneling,  and  (iii)  five  trap 
charging-discharging  processes  via  capture  and  emission.  In  this  work,  we 
present  new  experimental  data  on  (i)  trap-to-band  tunneling  emission  of 
electrons  from  a distribution  of  shallow  traps  and  (ii)  electron-impact- 
emission  of  trapped  electrons  in  SiC^. 

In  Chapter  2,  we  outline  the  principles  of  the  bipolar  metal-oxide- 
semiconductor  field-effect  transistor  (BiMOSFET)  used  in  this  work.  The 
device  operation  that  enables  detailed  study  of  the  generation-annihilation 
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and  charging-discharging  processes  is  presented.  The  device  fabrication, 
experimental  setup,  and  measurement  techniques  are  described. 

In  Chapter  3,  electric  field  stimulated  trap-to-band  tunnel  emission 
(EFSE),  shown  in  Figure  1.1,  is  used  in  a new  experimental  technique  for 
characterization  of  traps  in  insulators  and  semiconductors.  Two  EFSE 
techniques,  the  isochronal-EFSE  and  transient-EFSE,  are  described. 
Equations  are  developed  which  allow  the  trap  energy  levels  to  be  calculated 
from  experimental  emission  decay  data.  The  (i)  numerical  error  in 
calculating  the  energy  level  from  the  experimental  data,  (ii)  sensitivity  of 
the  results  on  the  effective  mass  and  parabolicity  of  the  dispersion  relation 
in  the  energy  gap,  and  (iii)  the  sensitivity  of  the  results  to  the  form  of  the 
tunneling  transition  rate  are  calculated.  The  techniques  are  applied  to 
electron  traps  in  thermally  grown  integrated-circuit  grade  SiOg  to  illustrate 
their  accuracy  and  utility.  An  energy  distribution  of  shallow  charged  oxide 
traps  is  found  throughout  0-3eV  below  the  oxide  conduction  band  edge  with 
a density  of  states  peak  at  about  0.9  to  l.OeV.  The  centroid  of  the  charged 
oxide  traps  is  about  90A  from  the  SiC^/Si  interface.  The  measured  energy 
level  at  the  peak  density  is  consistent  with  recent  theoretical  calculations 
for  the  shallow  state  of  a bridging  oxygen  vacancy,  [(Si-O)gsSi  • • Sis(0- 
Si)3]. 

Chapter  4 applies  the  isochronal-EFSE  technique  to  measure  the  oxide 
field  and  temperature  dependence  of  the  charging  of  existing  oxide  electron 
traps  in  SiC^.  At  low  oxide  field,  the  experimental  energy  spectrum  peaks 
at  0.9eV  while  the  measured  thermal  activation  energy  for  electron 
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*• — Poly-silicon — * Si02 ►h — Si 

K90AH 


TRAP-TO-BAND 
TUNNELING  EMISSION 


Fig.  1.1:  Trap-to-band  tunneling  transition  from  shallow  electron  trap 

at  the  oxygen  vacancy  defect  to  the  oxide  conduction  band. 
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detrapping  is  about  0.4eV.  Their  ratio,  0. 9/0.4  = 2.25,  is  consistent  with  the 
Mott  ratio  of  the  Jahn-Teller  effect  for  the  polar  SiC^,  1.9. 

In  Chapter  5,  experiments  are  presented  which  indicate  for  the  first 
time  that  the  positive  charge  located  in  the  bulk  oxide  film  probably  results 
from  creation  of  the  E'  center,  Vq+  donor,  due  to  emission  of  a trapped 
electron  by  electron  impact  at  an  initially  neutral  bridging  oxygen  vacancy 
Vq  (Figure  1.2).  To  delineate  the  impact  emission  generation  mechanism 
over  other  possible  mechanisms,  four  sets  of  experiments  are  performed:  (i) 
the  kinetics  of  positive  charge  generation  and  neutralization  of  the  positive 
traps  by  electron  capture,  (ii)  the  oxide  current  density,  temperature,  and 
gate  oxide  processing  dependences  of  positive  charge  generation,  (iii)  the 
location  of  the  positive  charge  through  centroid  measurements,  and  (iv)  the 
electron  threshold  energy  for  positive  charge  generation. 
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- — Poly-silicon — 4* Si02 H* — Si 


Fig.  1.2: 


Positive  charge  generation  in  SiO£  by  electron-impact-emission 
of  an  7eV  deep  trapped  electron  at  the  oxygen  vacancy  defect. 


CHAPTER  2 

DEVICE  FABRICATION,  EXPERIMENTAL  SETUP, 

AND  MEASUREMENT  TECHNIQUES 

2.1  Experimental  Setup 

Figure  2.1  shows  the  cross-sectional  view  of  the  bipolar  metal-oxide- 
semiconductor  field-effect-transistor  (BiMOSFET)  and  identifies  the  base, 
drain/collector,  gate,  source/collector,  and  emitter  electrodes.  Figure  2.2 
illustrates  the  biasing  of  the  device  during  substrate  electron  injection.  In 
our  substrate  electron  injection  stress  experiments,  the  vertical  npn 
transistor  is  used  to  inject  hot  electrons  into  the  gate  oxide.  As  indicated  in 
Figure  2.2,  an  inversion  layer  is  induced  by  the  gate  voltage,  Vq^,  applied 
between  the  gate  and  the  source/collector  and  drain/collector  electrodes 
which  are  connected  together.  The  (n+/n-)  substrate  to  p-well  emitter/base 
junction  is  forward  biased  (Vgg)  to  inject  the  electrons  into  the  Si  surface 
space-charge  layer  beneath  the  n-type  surface  inversion  layer  formed  under 
the  gate  oxide  of  the  MOSFET.  The  reverse  bias  (V^g),  applied  to  the 
n+collector/p-well  collector/base  junction  (same  as  the  n+  source  and  n+ 
drain/p-well  junctions),  forms  a surface  space-charge-layer  beneath  the  gate 
inversion  layer.  Thus,  the  injected  electrons  from  the  emitter  are 
accelerated  by  the  electric  field  in  the  Si  surface  space-charge  layer  towards 
the  Si02/Si  interface.  Those  electrons  that  have  gained  a kinetic  energy 
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Fig.  2.1: 


DRAIN  SOURCE 


(collector)  (collector) 


Cross-sectional  view  of  the  bipolar  metal-oxide-semiconductor 
field-effect  transistor. 
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Fig.  2.2: 


Electrode  labels  and  biasing  of  the  bipolar  metal-oxide- 
semiconductor  field-effect  transistor  during  substrate  electron 
injection. 
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greater  than  the  Si02/Si  barrier  energy  ( = 3. 02eV)  are  injected  into  the 
oxide.  Before  exiting  the  oxide  into  the  poly-Si  gate,  these  injected  electrons 
may  (1)  be  trapped  by  an  existing  (as-grown  or  native)  or  newly  generated 
oxide  electron  trap,  charging  the  existing  trap  negatively,  or  (2)  be 
accelerated  by  the  oxide  electric  field  and  after  gaining  enough  kinetic 
energy  (i)  release  a trapped  electron  by  impact  collision,  charging  the 
existing  trap  positively,  (ii)  generate  a new  oxide  electron  trap  by  breaking  a 
strained  intrinsic  bond  (Si:Si  or  Si:0),  a hydrogen  bond  (Si:H,  SiO:H,  SiCl:H, 
SiOCl:H  and  others),  or  an  impurity  bond  (Si:Cl,  SiO:Cl,  and  silicon  and 
oxygen  bonded  with  halogen,  carbon,  or  other  impurities)  in  the  oxide,  (iii) 
generate  a plasmon  or  hole  near  the  gate  conductor/oxide  interface,  or  (iv) 
release  H from  the  gate  conductor. 

The  unique  feature  of  the  substrate  injector  structure  is  that  the  oxide 
electric  field  can  be  controlled  independently  from  the  gate  electron  current 
density.  Thus,  the  electric  field  dependences  of  the  charging-discharging 
and  generation-annihilation  rates  for  oxide  and  interface  traps  can  be 
measured  under  experimental  conditions  where  one  mechanism  is 
dominant.  This  allows  their  individual  contributions  to  the  threshold 
voltage  shift  to  be  extracted.  The  density  of  each  trap  species  can  also  be 
determined. 

During  each  oxide  stressing  experiment,  the  average  oxide  electric 
field  is  held  constant  by  applying  a constant  DC  voltage,  Vqj)=Vq- 
VDaVGg=VG-Vg=constant,  between  the  gate  electrode  (Vq)  and  inversion 
layer  (V])=Vg).  The  gate  current  (Iq)  is  also  kept  constant  during  the  stress 
by  controlling  the  forward  bias  emitter  voltage  of  the  BJT  (Vgg)  using 
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current  meters  and  power  supplies  controlled  by  digital  feedback  on  a 
Micro VAX-II  via  a IEEE-488  bus.  Figure  2.3  shows  a schematic  diagram  of 
the  experimental  setup.  The  degradation  is  monitored  by  periodically 
interrupting  the  stress  and  measuring  (i)  the  drain  current  versus  gate 
voltage  (Iq-Vq)  and  (ii)  the  gate  capacitance  versus  gate  voltage  (Cq-Vq) 
curves.  The  device  temperature  is  maintained  constant  during  each 
measurement  run  using  the  MicroVAX-II,  IEEE-488  bus,  and  a liquid 
nitrogen  dewar  system.  The  temperature  controller  was  developed  by  Sah 
and  his  graduate  students  over  many  years[6]. 

2.2  Device  Fabrication 


The  gate  oxides  are  grown  on  two  types  of  (100)  Si  wafers:  (i)  boron- 
implanted  p-well  on  a n'/n+  substrate  and  (ii)  p-epitaxial  layer  on  a n+ 
substrate.  The  p-well  is  2.8gm  in  depth  and  has  a surface  boron 
concentration  of  2xl0^cm'^.  The  p-epitaxial  layer  is  13gm  thick  and  has  a 
uniform  doping  of  3x10 ^cm'^.  Three  industrial  oxidation  processes  are 
used:  850C  dry/wet/dry,  900C  dry,  and  950C  partial  steam.  The  dry  oxide 
is  grown  with  0.0%  and  0.3%  trichloroethane  in  the  oxidation  ambient.  The 
gate  oxide  thickness  covers  the  range  of  86  to  281A.  Immediately  following 
the  gate  oxidation  growth,  a 3500  or  5 500 A thick  poly -crystalline  silicon 
gate  is  deposited  and  doped  n-type  by  POClg.  The  oxidized  wafers  with  the 
poly-silicon  layer  are  then  processed  to  fabricate  the  self-aligned  n+  poly- 
silicon gate  BiMOSFET  test  structure.  Figures  2.4  and  2.5  show  a flow 
chart  of  the  device  fabrication  schedule.  Next,  the  self-aligned  source  and 
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Fig  2.3:  Schematic  diagram  of  the  substrate  injection  experimental 

setup  designed  for  gate  oxide  electron  injection  stress,  Cq-Vq, 
and  measurements. 
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Fig  2.4:  Flow  chart  for  the  substrate  injector  test  structure  fabrication 

process. 
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Fig  2.5: 


Flow  chart  for  the  substrate  injector  test  structure  fabrication 
process. 
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drain  junctions  are  implanted  with  1.0  x 1015cm"2  of  60KeV  phosphorus 
ions.  The  source  and  drain  implantation  damage  was  annealed  at  850C  for 
30  minutes  in  N2.  The  source  and  drain  are  then  diffused  at  800-1000C  for 
2 hours  in  a nitrogen  or  oxygen  ambient.  Variations  in  the  diffusion 
temperature  are  done  in  order  to  introduce  oxide  defects  intentionally.  High 
purity  VLSI-MOS  grade  aluminum  is  then  thermally  evaporated  and 
patterned  to  form  the  ohmic  contacts.  No  passivation  is  deposited  on  the 
wafers.  Linear  and  reentrant  geometries  of  many  gate  areas  are  measured 
giving  similar  results.  The  reproducibility  of  results  is  good  with  device  to 
device  variations  in  the  gate  voltage  shift  typically  much  less  than  10%. 


2,3  Measurement  Technique 


2.3-1  Bulk  Oxide  Charge 

During  electron  injection  into  the  gate  oxide  at  77-294K  and  low  oxide 
fields  (less  than  3.0MV/cm),  only  existing  (as-fabricated)  oxide  traps  capture 
electrons  and  become  negatively  charged.  Generation  of  new  oxide  electron 
traps  is  minimized  by  limiting  the  electron  injection  to  this  low  field  range. 
The  electron  injection  is  periodically  stopped  to  measure  the  gate 
capacitance  versus  gate  voltage  (Cq-Vq)  and  drain  current  versus  gate 
voltage  (Id-Vq)  curves  at  77K.  Parallel  positive  gate  voltage  shift  of  the 
Cq-Vg  and  ^D'^G  curves  is  observed  which  indicates  charging  of  existing 
oxide  electron  traps  and  not  the  generation  of  new  interface  traps.  The  Cq- 
Vq  and  Iq-Vq  curves  are  shown  in  Figures  2.6  and  2.7.  The  identical  gate 
voltage  shift  of  the  Ij)-Vq  and  Cq-Vq  curves  indicates  areally  uniform 
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Gate  capacitance  versus  gate  voltage  after  an  electron  fluence 
and  EQx=1.2MV/cm  at  T=294K. 


Fig.  2.6: 


16 


-2.0  -1.0  0.0  1.0  2.0 


VGS  Aiv) 


Fig.  2.7:  Drain  current  versus  gate  voltage  after  an  electron  fluence  and 

Eox=1.2MV/cm  at  T=294K. 
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charging  of  oxide  traps  because  the  Iq-Vq  curve  is  sensitive  to  oxide  charge 
localized  near  the  source  while  the  Cq-Vq  curve  is  sensitive  to  oxide  charge 
along  the  entire  surface  channel.  The  gate  voltage  applied  during  the 
measurement  of  the  Cq-Vq  and  XD  -VG  curves  is  always  much  lower  than 
the  gate  voltage  applied  during  electron  injection  so  that  electrons  are  not 
detrapped  via  trap-to-band  tunneling  transitions  during  the  Cq-Vq  and  I-q- 
Vq  measurements. 

The  number  of  charged  oxide  traps,  nQrp(#/cm^),  is  obtained  from  the 
gate  voltage  shift  using 


x 


nOT^OT,^d  — (l/qXQ,p) 


OX 


xpQT (x, t ) dx 


0 


— ^OX^1^  (AVq/Xqij,) 


(2.1) 


where  PQ'p  is  the  oxide  charge  density  per  unit  volume(#/cm^),  Xq^  is  the 
oxide  thickness,  Xq^  is  the  centroid  of  the  oxide  charge  measured  from  the 
gate-conductor/oxide  interface,  is  the  static  permitivity  of  SiC^,  and  q 
is  the  magnitude  of  the  electronic  charge.  In  the  calculation  of  the  density  of 
native  oxide  traps,  Nq^,  we  either  (1)  measure  the  centroid  of  the  charge  or 
(2)  equate  the  centroid  to  the  oxide  thickness.  If  the  centroid  is  equated  to 
the  oxide  thickness,  i.e.  XQrp=XG^  is  assumed,  this  gives  the  effective  oxide 
trap  density  located  at  the  SiC^/Si  interface  which  would  give  the  same 
amount  of  Si  energy  band  bending  as  the  distributed  oxide  traps.  This  has 
been  used  universally  as  a characterization  parameter  of  oxide  trap  since 
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the  centroid  and  the  thickness  variation  of  the  oxide  trap  (volume)  density 
has  proved  to  be  very  difficult  to  measure  accurately  especially  in  thin 
oxides  (by  step  etch  in  thick  oxides).  In  Chapters  3 and  5,  measurements  for 
the  oxide  trap  centroid  are  presented  along  with  the  limitations  of  the 
techniques. 

2.3-2  Interface  Trap 

The  interface  trap  generation  is  measured  after  electron  injection  into 
the  oxide  at  room  temperature  and  oxide  fields  between  1 and  7MV/cm.  The 
electron  injection  is  periodically  stopped  to  measure  the  Cq-Vq  and  Ij)-Vq 
curves  at  the  stress  temperature.  From  the  distortion  in  the  Cq-Vq,  the 
change  in  the  number  interface  states  between  flatband  (Vg=0)  and 
inversion  (Vg=23>jp)  is  calculated  using 

Ng  = £q  (AV-j-jjy  - AVFB)  / (qXQX)  (2.2) 

where  AVj^sjy  and  AVpg  are  the  gate  voltage  shifts  of  the  inversion  and 
flatband  capacitances. 


CHAPTER  3 

A NEW  MEASUREMENT  METHOD  FOR  TRAP  PROPERTIES 
IN  INSULATORS  AND  SEMICONDUCTORS  - 
USING  ELECTRIC  FIELD  STIMULATED  TRAP-TO-BAND 
TUNNELING  TRANSITIONS  IN  Si02 


3.1  Introduction 


In  Chapter  3,  a new  experimental  technique  for  characterization  of 
traps  in  insulators  and  semiconductors  and  its  speed-up  derivative  are 
presented  which  use  trap-to-band  tunneling  emission  of  electrons. 

f 

Equations  are  given  which  allow  the  energy  levels  to  be  calculated  from 
experimental  emission  decay  data.  The  expressions  are  valid  for  electrically 
active  defects  with  a discrete  energy  level  or  a distribution  of  levels.  The 
numerical  error  in  calculating  the  energy  level  from  experimental  data  is  1- 
2%  for  a given  set  of  energy-band  parameters  such  as  the  effective  masses 
and  the  parabolicity  of  the  dispersion  relation  in  the  energy  gap.  The 
techniques  are  applied  to  electron  traps  in  thermally  grown  integrated- 
circuit  grade  Si02  to  illustrate  their  accuracy  and  utility.  An  energy 
distribution  of  shallow  charged  oxide  traps  is  found  throughout  about  0-3eV 
below  the  oxide  conduction  band  edge  with  a peak  density  of  states  at  about 
0.9  to  l.OeV.  The  centroid  of  the  charged  oxide  traps  is  about  82A  from  the 
Si02/Si  interface.  The  same  density-energy  curve  is  observed  for  oxide 
traps  in  many  thermally  grown  dry  oxide  films  thicker  than  150A.  A 
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decrease  in  the  density  of  the  charged  oxide  traps  is  found  for  oxides  less 
than  100A.  A distribution  of  capture  cross  sections  versus  trap  energy 
depth,  ranging  from  10  ^ to  10  ^cm^,  is  measured  at  low  oxide  electric 
field  (1.1  MV/cm).  The  shallower  traps  have  a larger  capture  cross  section 
than  the  deeper  traps.  The  measured  energy  level  at  the  peak  density  is 
consistent  with  the  recent  theoretical  anticipation  for  an  oxygen  vacancy 
which  relaxes  to  form  a silicon-silicon  bond  in  the  oxide,  [(Si-0)3*Si- 
•Si=(0-Si)3], 

Previously,  electron  traps  due  to  intrinsic  and  extrinsic  defects  in 
semiconductors  and  insulators  have  been  widely  studied  using  thermally 
stimulated  conductivity  (TSC)  and  luminescence  (TSL)  [7],  thermally 
stimulated  capacitance  (TSCAP)  [8],  and  voltage  stimulated  capacitance 
(VSCAP)  first  developed  by  Yau  and  Sah  in  1971  [9]  later  known  as  DLTS 
(deep  level  transient  spectroscopy)  and  CTS  (capacitance  transient 
spectroscopy).  In  these  techniques,  the  thermal  detrap-emission  rate  of  the 
bound  electrons  making  quantum  mechanical  transition  to  the  conduction 
band  is  measured  as  a function  of  temperature  to  give  the  thermal 
activation  energy  of  the  detrap-emission  transition  mechanisms.  Optical 
binding  energy  can  be  similarly  obtained  using  optical  stimulation  by 
varying  the  photon  energy  such  as  the  optically  stimulated  capacitance 
transient  (OSCAP)  first  reported  by  Sah,  Rosier,  and  Forbes  in  1969  [10]  or 
the  corresponding  optically  stimulated  current  (OSC)  transient  first 
reported  by  Sah  and  Tasch  in  1967  [11]. 

In  this  chapter,  a new  variation  of  these  methods  is  demonstrated  by 
us  in  which  the  electric  field  is  the  stimulant  and  tunnel  transition,  the 
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detrap-emission  mechanism,  which  is  to  be  abbreviated  as  transient  and 
isochronal-EFSE  which  stands  for  electric-field  stimulated  tunnel  emission 
spectroscopy.  As  illustrated  in  Fig.  3.1,  the  oxide  electric  field  is  employed 
to  stimulate  trap-to-band  detrap-emission  transitions.  The  use  of  EFSE 
offers  several  advantages  over  TSC,  TSL,  TSCAP,  VSCAP  (DLTS  or  CTS), 
and  OSCAP  and  OSC:  (1)  the  electric  field  is  somewhat  easier  to  control  and 
vary  in  a prescribed  manner  with  time  than  the  temperature  and  much 
easier  to  vary  than  photon  energy;  and  (2)  EFSE  measures  the  trap-to-band 
transition  via  tunneling  which  has  little  or  no  lattice  relaxation  (Franck- 
Condon  transition)  just  like  the  optically  simulated  emission  (OSCAP  and 
OSC)  while  the  thermally  stimulated  transition  is  between  equilibrium 
states  of  the  system  of  lattice  vibrations  and  electrons  which  could  involve 
large  lattice  relaxation.  Hence,  the  tunnel  transition  energy  measured  by 
EFSE,  like  the  optical  transition  energy  measured  by  OSCAP  and  OSC,  is 
equal  to  the  energy  level  of  the  trapped  electron,  while  the  thermal 
activation  energy  measured  by  TSC,  TSL,  TSCAP,  DLTS  and  the  other 
thermally  stimulated  emissions  is  smaller  than  the  energy  level  if  the  lattice 
relaxes  significantly  in  the  vicinity  of  a trap  after  an  electron  is  detrapped- 
emitted  or  trapped-captured  by  the  trap. 

Although  vast  experimental  data  on  trap  energy  level  or  thermal 
activation  energy  in  semiconductors  (Si,  GaAs,  etc.)  have  been  reported 
using  the  thermally  stimulated  techniques,  few  experimental  energy  level 
data  have  been  reported  on  the  shallow  and  deep  electron  and  hole  bound 
states  in  amorphous  insulating  materials  [12,13].  Most  of  the  recent  work 
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Electric  field  stimulated  trap-to-band  tunneling  transition  in 
Si02. 


Fig.  3.1: 
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on  electron  trapping  on  integrated  circuit  grade  amorphous  SiC^  films  has 
been  limited  on  the  magnitude  of  the  electron  and  hole  capture  cross  section 
and  trap  density.  Recent  literature  reviews  on  traps  in  oxide  film  grown  on 
integrated  circuit  grade  crystalline  silicon  were  given  by  Sah  and  Hsu  [14] 
and  Young  [15].  Energy  levels  for  intrinsic  traps  in  SiC>2  have  been  also 
speculated  and  estimated  theoretically  [13-19]. 

In  the  next  chapter  (Chapter  4)  we  use  the  new  isochronal-EFSE 
technique  on  SiC>2  to  measure  an  energy  distribution  of  traps  charged  under 
various  temperatures  and  oxide  electric  fields[12].  The  distribution  has  a 
peak  located  about  0.9  to  l.OeV  below  the  oxide  conduction  band  edge  and  a 
thermal  activation  of  0.4eV.  The  large  difference  in  tunnel  and  thermal 
activation  energy  suggests  that  lattice  relaxation  (Jahn-Teller  effect)  is 
perhaps  very  strong.  We  note  that  the  ratio  of  tunneling-to-thermal 
activation  energy,  0.9/0. 4=2. 2,  is  fairly  consistent  with  the  Mott-Gurney 
ratio  [20]  of  static -to-optical  dielectric  constant  of  SiC^,  3.9/2. 1=1.9.  In  view 
of  these  encouraging  results,  we  would  like  to  present  detailed  analyses  of 
the  EFSE  methods  to  provide  guides  for  future  applications  of  the  methods. 
These  include  the  following:  (i)  A detailed  analysis  is  given  of  the  original 
transient-EFSE  technique  from  which  the  isochronal-EFSE  is  derived,  (ii) 
The  isochronal-EFSE  is  assessed  and  compared  with  the  original  and  more 
exact  transient-EFSE  technique,  (iii)  The  two  techniques  are  illustrated  by 
numerical  calculations  of  a Gaussian  distribution  of  electron  traps.  And  (iv) 
the  two  techniques  are  experimentally  compared  on  the  evaluation  of  the 
energy  levels  of  electron  traps  using  experimental  data  taken  on  thermally 
grown  Si02* 
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3.2  Experimental  Method 

The  EFSE  techniques  are  similar  to  the  TSC,  TSCAP,  VSCAP  (DLTS) 
and  other  stimulated  detrap-emission  techniques  in  which  electron  (or  hole) 
traps  are  first  populated  with  electrons  (or  holes).  In  the  thermally 
stimulated  detrap-emission  techniques,  the  temperature  is  then  increased  to 
measure  the  change  of  the  number  of  trapped  electrons  Anrp  over  a range  of 
temperature,  AT.  A peak  in  Anrp/AT  gives  the  thermal  activation  energy  for 
electron  detrap-emission.  The  monitored  parameter  to  give  Anrp  is  either  a 
change  in  current  (TSC)  or  capacitance  (TSCAP  and  VSCAP-DLTS)  due  to 
the  application  of  the  stimulant  (temperature  change  or  voltage  change). 
Electrons  bound  at  traps  with  larger  activation  energies  are  detrapped- 
emitted  at  higher  temperatures  since  thermal  detrapping  rate  increases 
exponentially  with  temperature. 

In  EFSE  measurements,  after  the  electron  traps  are  populated,  the 
electric  field  is  incrementally  increased.  At  low  electric  field,  electrons  at 
shallower  traps  are  detrapped-emitted  by  trap-to-band  tunnel  transitions. 

As  the  electric  field  increases,  electrons  from  increasingly  deeper  traps  are 
detrapped-emitted  via  tunneling.  The  differential  change  in  the  number  of 
trapped  electrons  with  respect  to  the  change  in  the  electric  field,  Anrp/AEQ^-, 
is  monitored.  The  quantity  of  Anrp/AEQ^  in  EFSE  is  analogous  to  Anrp/AT  in 
the  thermally  stimulated  methods.  In  the  following  sections,  a closed  form 
expression  between  An^p/AEQ^  and  the  areal  density  of  charged  oxide  traps, 

O 

DoT^/cV-arr"),  is  obtained. 
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3.2-1  Transient-EFSE  Technique 

The  transient-EFSE  technique  consists  of  the  following  four  steps:  (1) 
the  electron  traps  are  charged  via  capturing  injected  electrons  for  a time  tc 
at  77K  and  at  a low  constant  oxide  electric  field  using  the  bipolar  metal- 
oxide-semiconductor  transistor  (BiMOS)  [21]  test  structure;  (2)  the  electron 
injection  into  the  oxide  is  stopped;  (3)  a constant  oxide  electric  field,  Eq^ 
(the  discharge-detrap-emission  field),  is  applied  to  stimulate  tunnel  emission 
of  trapped  electrons  from  the  oxide  traps  to  the  oxide  conduction  band 
through  a triangular  potential  barrier;  and  (4)  the  trapped  electron  density 
versus  detrap-emission  time,  te,  is  measured. 

To  monitor  (1)  and  (4),  the  charging  or  discharging  field  is  interrupted 
and  the  gate  voltage  shift,  A Vq.,  versus  charging-capture,  tc,  or  discharging- 
detrap-emission  time,  te,  is  measured  from  the  MOSFET  drain  current-gate 
voltage  (Id'Vq)  and  gate  capacitance-gate  voltage  (Cq-Vq)  curves.  This  is 
repeated  at  a succession  of  discrete  discharging-detrap-emission  times  to 
give  many  Iq-Vq  and  Cq-Vq  curves,  one  from  each  detrap-emission  time. 

To  determine  the  density-of-state,  the  AVQ-te  curve  is  repeated  at  many 
discharging-detrap-emission  oxide  electric  fields. 

The  number  of  charged  oxide  traps,  nQrp(#/cm^),  is  obtained  from  the 
gate  voltage  shift  using 


( 1 / qXQT) 


tox 

xpQT (x,  t)  dx 
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where  Pq^  is  the  volume  oxide  charge  density  (#/cm°),  Xq^  is  the  oxide 
thickness,  Xq^  is  the  centroid  of  the  oxide  charge  measured  from  the  gate- 
conductor/oxide  interface,  is  the  static  permitivity  of  SiC^,  and  q is  the 
magnitude  of  the  electronic  charge.  t=tc  for  (1)  and  t=te  for  (4). 

After  the  electron  traps  are  charged  by  electron  capture  at  77K  in  a 
low  oxide  electric  field  in  step  (1),  the  electron  injection  is  stopped  at  time 
t=0"  in  step  (2).  At  time  t=0+  in  step  (3),  a constant  oxide  electric  field  is 
applied  to  stimulate  tunnel  emission  of  the  trapped  electrons.  The  number 
of  oxide  traps  that  remain  charged  or  the  number  of  electrons  that  remain 
trapped  remain  charged  after  a tunnel  emission  time  te  at  a discharge- 
detrap-emission  oxide  field  Eq^  is 


n 


OT 


(te) 


exp  (-6/te) 


OT 


(Et)  dEr 


V 


(3.2) 


where  DQrp  (#/eV-  cm^)  is  the  initial  density  of  charged  oxide  traps.  The 
trap-to-band  tunneling  transition  rate,  u),  from  the  Price-Sah  model[22]  is 


0)  = (7T2/h3)  <mymz)  1/2  (Eox/ET)W2exp(-20)  (3.3) 

0=  (47T/3)  (2mx)  1/2Et3/2/ (hEox)  . (3.4) 

The  energy  level  of  the  oxide  electron  trap,  Erp,  is  measured  from  the  oxide 
conduction  band  edge.  W2  is  the  square  of  the  tunneling  transition  matrix 
element.  The  new  transient-EFSE  technique  measures  HQ^tg)  from  the 
gate-voltage  shift  versus  time  while  a constant  DC  electric  field  is  applied 
across  the  oxide.  Many  nQrp-(te)  vs  te  curves  are  measured,  one  from  each 
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discharge  oxide  electric  field,  Eq^.  The  term,  exp(-wte),  in  Eq.  (3.2)  gives 
the  probability  that  a trapped  electron  at  a energy  Ej  has  not  made  a trap- 
to-band  tunneling  transition  after  a detrap-emission  time  te.  cj-  is  the 
tunneling  rate  at  the  i-th  applied  oxide  electric  field  (Eq^).  Figure  3.2 
plots  exp(-cjjte)  versus  electron  trap  energy  at  a fixed  detrap-emission  time 
(te)  for  two  oxide  fields.  Traps  located  in  energy  within  the  shaded  region 
are  emitted  at  Eq^q+-^  but  not  Eq^-.  Since  exp(-a^te)  is  a double 
exponential  function  in  Eq\  the  function  can  be  approximated  as  a unit  step 
function  in  energy.  Thus,  the  experimental  data,  dnQqVaEQ^-  = 

[nOTi+l^e^'nOTi^e^^OXi+l"®OXi^’  are  ProPorfi°nal  to  the  density  of 
states  of  the  charged  oxide  traps  between  the  energy  range  (Erj^+^-Erp-),  as 

seen  in  Fig.  3.2.  Eqi-  is  obtained  from  (a^/aErp^)[exp(-w^te)]  = 0 and  given 
accurately  by  w-te=n,  where  n=l.  The  error  in  Erpj  is  only  0.69%  if  n=l  is 
used  as  compared  to  the  exact  solution  at  n=1.45  obtained  by  solving 

o o 

(a  / aErp  )[exp(-Wjte)]  = 0 through  iteration.  The  density  of  states  is  then 
computed  from 

dOT  (ETi)  ~ tnOTi  (t-e)  -nOTi  + l (te)  1 / f ETi+l~ETiJ  (3.5) 

= <C0/q)  (xox/xOT^  ^AvGi (te) _AVGi+l ^ / ^ETi  + l-ETi^  (3  • 6) 

Equation  (3.6)  is  valid  for  traps  at  a discrete  energy  level  or  a distribution  of 
traps  because  of  the  very  large  energy  dependence  from  the  double 
exponential  exp(-wte)  in  which  w is  also  an  exponential  in  energy  Erp  given 
by  Eq.  (3.3). 
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Probability  Electron  Trap  is  Charged  After 


f(ET,Eox)  = exp(-cotg) 


Fig.  3.2:  Tunneling  probability,  exp(-w-te),  for  two  values  of  oxide  field 

at  time  te>  Electrons  bound  in  energy  within  the  shaded 
region  undergo  trap-to-band  transitions  at  Eq-jq  but  not  at 

EOXi-l- 
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The  accuracy  of  the  technique  including  the  effect  of  using  different 
detrap-emission  time  is  now  calculated.  Consider  a density  of  states  for  the 
charged  oxide  traps  given  by  the  Gaussian  distribution  DQrp=Aexp[-(Eqi- 
0.9eV)^/C]  where  C=0.1(eV)^  and  A=3.0xl0^^eV‘^cm'^.  Initially,  the 
number  of  charged  traps,  nQrp(te=0'  sec.),  is  equal  to  the  integral  of  Dq^ 
over  energy  as  indicated  by  te=0  in  Eq.  (3.2).  Equation  (3.2)  is  used  to 
calculate  the  number  of  charged  oxide  traps  versus  time  at  a constant 
discharge  oxide  field,  nQrp(t),  for  discharge  fields  between  0.1  and  5.0 
MV/cm  in  0.05MV/cm  increments.  Ten  of  the  nQrp(t)  versus  time  curves  are 
shown  in  Fig.  3.3.  From  the  family  of  curves  at  different  discharge  fields, 

[nOTi^e^'nOTi+l^e^//^OXi+l'^OXi^='dnOT/^^'OX>^  versus  the  oxide  field 
are  calculated  at  the  discharge-emission  times  of  te=5.0,  50.0,  500.0,  and 

1000.0  seconds  and  shown  in  Fig.  3.4.  Equation  (3.5)  is  then  used  to 
calculate  the  density  of  the  initially  charged  traps  as  a function  of  trap 
energy  level.  The  calculated  spectrum  is  compared  to  the  assumed  Gaussian 
density  of  states  in  Fig.  3.5.  Excellent  agreement  is  obtained  for  the 
discharge-emission  times  between  5.0  and  1000.0  seconds.  The  calculated 
location  of  the  peak  in  the  density  of  states  differs  less  than  1.0%  from  the 
assumed  value  of  0.9eV. 

3.2-2  Isochronal-EFSE  Technique 

In  this  section,  the  accuracy  of  the  much  faster  isochronal-EFSE 
technique[12]  is  evaluated  by  comparison  with  the  exact  transient-EFSE 
technique  just  described.  The  density  of  state  can  be  obtained  from  the 
isochronal-EFSE  technique  in  one  measurement  run  while  the  exact 
transient-EFSE  technique  requires  many  measurements  on  one  device. 
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Fig.  3.3:  Numerical  calculation  for  the  voltage  transient-EFSE 

technique.  Number  of  charged  traps  versus  time  for  10  values 

of  the  discharge  field.  To  evaluate  the  tunneling  transition 
9 VA  9 Q 

rate,  W =10  V cm°  and  mx=my=mz=m0  were  used. 


/[1012cm'I 2  / (MV/cm)] 
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I dnQrp/dEQxl  evaluated  at  te  equal  5.0,  50.0,  500.0,  1000.0 

sec. 


Fig.  3.4: 


(Ec  - ET)  / ( 1 eV) 
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Fig.  3.5:  Calculated  density  of  traps  compared  to  known  density. 
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Thus,  the  isochronal-EFSE  is  much  faster.  It  is  nearly  as  accurate  as  the 
exact  transient-EFSE  because  of  the  double  exponential  as  we  shall  next 
show.  The  isochronal-EFSE  technique  consists  of  the  following  steps:  (1)  the 
oxide  electron  traps  are  first  charged  at  77K  and  a low  constant  oxide 
electric  field  by  electron  injection  into  the  oxide  using  the  BiMOS  structure; 
(2)  the  electron  injection  is  stopped;  (3)  the  oxide  electric  field  (discharge 
field)  is  increased  in  increments  (typically  O.IMV/cm  each)  and  maintained 
constant  for  the  same  isochronal  time  te  at  each  field  increment;  and  (4)  at 
the  end  of  detrap-emission  for  a time  te,  the  gate  voltage  shift  is  measured 
to  record  the  progress  of  electron  detrapping  via  tunnel-emission  transitions 
from  the  oxide  traps. 

The  number  of  charged  oxide  traps  after  the  i-th  field  increment  is 


nOTi (EOXi^ “ 


Dqt  (Et)  [exp  ( -o>ite)  • 


V 


exp(-wi_1te) . . ,exp(-w1te) ]dET.  (3.7) 

If  exp(-(jjte)  is  approximated  by  a step  function,  then  the  density  of  states  can 
be  approximated  by 


DOT^ETi)  = fnOTi  (EOXi^ -nOTi  + l ^EOXi  + l^  / ^ETi  + l ETiJ  <3-8) 


(xOx/xOt)  tAvGi+l (EOXi  + l) -AVGi ^EOXi^  1 / fETi+l_ETi^ 
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which  are  similar  but  not  identical  to  the  exact  Eqs.  (3.5)  and  (3.6).  The 
accuracy  of  Eqs.  (3.8)  and  (3.9)  compared  with  the  exact  Eq.  (3.6)  is  now 
shown  by  a numerical  calculation.  The  same  Gaussian  density  of  states 
expression  used  to  calculate  the  accuracy  of  the  transient-EFSE  for  Eqs. 
(3.5)  and  (3.6)  is  chosen.  Electron  detrapping  via  tunnel  transitions  is 
calculated  as  the  oxide  field  is  increased  in  O.IMV/cm  increments  and 
maintained  constant  for  a detrap-emission  time  te.  Equation  (3.3)  is  used  to 
evaluate  the  tunnel  transition  rate.  Equation  (3.7)  is  used  to  calculate  the 
number  of  traps  which  remain  charged  at  te  after  each  oxide  electric  field 
increment.  nQrp  versus  discharge-detrap  or  tunnel-emission  electric  field 
curves  are  shown  in  Fig.  3.6.  Four  choices  of  isochronal  discharge  times  are 
used,  5.0,  50.0,  500.0,  and  1000.0  seconds  to  assess  its  effect. 

I dnQrp/8EQx  I is  calculated  and  shown  in  Fig.  3.7.  The  four  spectra  of 
initially  charged  traps  calculated  using  Eq.  (3.8)  at  the  four  assumed 
isochronal  discharge-emission  times  is  compared  to  the  assumed  spectrum 
in  Fig.  3.8.  The  results  of  Fig.  3.8  show  that  the  numerical  error  caused  by 
the  isochronal  approximation  is  less  than  2.0%  in  the  density  of  states  peak 
when  using  an  isochronal  detrap-emission  time  between  5.0  to  1000.0  sec. 

3.3  Sample  Preparation  and  Measurements 
3.3-1  Sample  Preparation 

Details  of  the  experimental  setup  and  BiMOS  test  structure  were 
described  previously  [12,21,23],  The  gate  oxides  were  grown  on  two  types  of 
(100)  Si  wafers:  (i)  boron-implanted  p-well  on  a n‘/n+  substrate  and 
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E ox  /(I  MV/cm) 


Fig.  3.6:  Numerical  calculation  for  the  isochronal-EFSE  technique. 

Number  of  charged  traps  after  each  te  step  versus  discharge- 
emission  field  which  is  increased  in  O.IMV/cm  increments  and 
maintained  constant  for  te  equal  5.0,  50.0,  500.0,  and  1000.0 
sec. 


[(oio/aiai)/s.ujo31oU/ 
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Eox  /(I  MV/cm) 


I 3 nQ^p/ 3 E qx  I evaluated  at  te  equal  5.0,  50.0,  500.0,  1000.0 
sec. 


Fig.  3.7: 


(Ec  - ET)  / (lev) 
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Dot  / ( 1 xl  012  eV"1  cm'2) 


Calculated  density  of  traps  compared  to  assumed  density. 


Fig.  3.8: 
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(ii)  p-epitaxial  layer  on  a n+  substrate.  Three  oxidation  processes  were  used: 
850C  dry/wet/dry,  900C  dry,  and  950C  partial  steam.  The  gate  oxide 
thickness  covered  the  range  of  86  to  28 1A.  Immediately  following  the  gate 
oxidation  growth,  a 3500  or  5500A  thick  poly-crystalline  silicon  gate  is 
deposited  and  doped  n-type  by  POClg.  The  self-aligned  source  and  drain 
junctions  were  implanted  with  1.0  x lO^cm'^  Gf  60KeV  phosphorus  ions. 
The  source  and  drain  implantation  damage  was  annealed  at  850C  for  30 
minutes.  The  source  and  drain  were  then  diffused  at  950C  for  90  minutes  in 
a nitrogen  ambient.  High  purity  VLSI-MOS  grade  aluminum  was  then 
thermally  evaporated  and  patterned  to  form  the  ohmic  contacts.  No 
passivation  was  deposited  on  the  wafers.  Linear  and  reentrant  geometries 
of  many  gate  areas  were  measured  giving  similar  EFSE  results. 

3.3-2  Trap  Charging  by  Electron  Capture 

Electrons  are  injected  into  the  gate  oxide  at  77K  and  low  oxide  fields 
(0.5  to  l.OMV/cm)  to  charge  existing  (as-fabricated)  oxide  traps.  Generation 
of  new  oxide  electron  traps  is  minimized  by  limiting  the  electron  injection  to 
this  low  field  range[12,23,24].  The  electron  injection  is  periodically  stopped 
to  measure  the  gate  capacitance  versus  gate  voltage  (Cq-Vq)  and  drain 
current  versus  gate  voltage  (Lq-Vg)  curves  at  77K.  Parallel  positive  gate 
voltage  shift  of  the  Cq-Vq  and  Ij)-Vq  curves  is  observed  which  indicates 
charging  of  existing  oxide  electron  traps  and  not  the  generation  of  new 
interface  traps.  The  identical  gate  voltage  shift  of  the  ID-VG  and  CG-VQ 
curves  indicates  areally  uniform  charging  of  oxide  traps  because  the  b^G 
curve  is  sensitive  to  oxide  charge  localized  near  the  source  while  the  CG*VG 
curve  is  sensitive  to  oxide  charge  along  the  entire  surface  channel.  The  gate 
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voltage  applied  during  the  measurement  of  Cq-Vq  and  Ij)-Vq  curves  is 
always  much  lower  than  the  gate  voltage  applied  during  electron  injection 
so  that  electrons  are  not  detrapped  via  tunneling  during  the  Cq-Vq  and  Lq- 
Vq  measurements. 

3.4  EFSE  Applied  to  Thermally  Grown  Oxides 

In  this  section,  the  transient-  and  isochronal-EFSE  techniques  are 
used  to  measure  electron  traps  in  SiC^.  This  section  contains  the  results  on: 
(1)  the  EFSE  techniques  applied  to  SiC^;  (2)  the  centroid  for  the  oxide 
charge;  (3)  the  reversibility  of  the  charging  and  discharging  process;  (4)  the 
measured  capture  cross  section  (a^)  as  a function  of  trap  energy;  and  (5)  the 
sensitivity  of  the  measured  energy  spectrum  on  assumed  Price-Sah  model 
parameters. 

3.4-1  Transient-EFSE  Applied  to  Integrated- Circuit  Grade  Oxides 

The  transient-EFSE  technique  is  applied  to  many  BiMOS  test  devices 
with  184A  thick  VLSI  (very  large  scale  integrated)  circuit  grade  oxides 
grown  in  a dry/wet/dry  (850C)  ambient.  Electron  traps  are  initially  charged 
at  77K,  0.54MV/cm  oxide  field,  oxide  current  density  jQ^=0.26gA/cm^,  and 
charging  time  of  5.55x10^  seconds  to  give  an  injected  fluence  of 
NiNJ=9  0xlO^^/cm^.  Only  a fraction  of  the  initially  neutral  traps  captures 
an  electron  and  become  negatively  charged  at  this  injected  fluence.  Thus, 
the  oxide  electric  field  is  given  accurately  by  (Vqx^OX^  anc*  not  altered  by 
the  oxide  charge  as  will  be  shown  in  section  3.4-5.  Next,  a constant  oxide 
field  is  applied  at  77K,  and  the  gate  voltage  shift  versus  time  is  measured  to 
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monitor  the  electron  detrapping.  The  above  procedure  is  repeated  for 
twenty  discharge  fields  ranging  from  0.54  to  4.0MV/cm.  Figure  3.9  shows 
the  measured  gate  voltage  shift  versus  time,  AVQ.(t),  for  ten  of  the  discharge 
fields.  The  shift  is  defined  with  respect  to  the  unstressed  device.  Figure 
3.10  shows  I dnQrp/dEQx  I versus  oxide  electric  field  evaluated  at  te  equal  to 
15.0,  50.0,  and  500.0  seconds.  The  centroid  for  the  oxide  charge  is  assumed 
to  be  located  at  the  SiC^/Si  interface,  i.e.  Xq^Xqx  in  Eq.  (3.6).  This 
assumption  will  be  corrected  in  section  3.4-3.  The  density  of  states  is 
calculated  using  Eq.  (3.5)  and  plotted  in  Fig.  3.11.  To  evaluate  the 
tunneling  transition  rate,  W^=10'^V^cm^  and  mx=niy=mz=m0  were  used. 
The  sensitivity  of  the  density  of  states  to  the  values  of  these  parameters  is 
discussed  in  section  3.4-7.  A peak  between  0.9-1.0eV  in  the  experimental 
density  of  state  is  observed  in  the  many  BiMOS  test  devices.  There  is 
approximately  5%  device-to-device  variation  in  the  measured  density  of 
traps.  A point  on  the  spectrum  is  calculated  by  subtracting  two  curves  in 
Fig.  3.9  which  come  from  two  different  devices.  The  data  scatter  is  due  to 
device-to-device  variation.  In  principle,  all  curves  of  Fig.  3.9  can  be 
measured  on  one  device,  then  the  data  scatter  should  be  reduced  or 
eliminated  as  demonstrated  by  the  spectra  obtained  using  the  isochronal- 
EFSE  technique  in  the  next  section  which  are  very  smooth  since  the 
measurement  is  made  on  one  device  during  one  measurement  run.  The  key 
results  in  these  transient-EFSE  measurements  on  different  devices  are  that 
all  the  data  are  clustered  around  an  universal  bell-shaped  density  of  state 
curve,  suggesting  (i)  the  same  traps  are  present  in  the  different  devices  and 
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Fig.  3.9:  At  the  start  of  the  transient-EFSE  technique,  traps  are 

charged  by  capturing  electrons  which  are  injected  into  the 
184A  dry/wet/dry  (850C)  oxide  at  the  BiMOS  injection 
conditions:  NjNj=0.9xl014cm'2,  EQX=0.54MV/cm, 
jQX=0-26gA/cm,  T=77K,  and  VQg=6.0V.  Gate  voltage  shift 
versus  time  for  10  values  of  the  discharge-emission  field. 
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Eqx  /(I  MV/cm) 


Fig.  3.10:  I 8nQrp/dEQxl  evaluated  at  te  equal  15.0,  50.0,  and  500.0sec 

versus  discharge-emission  field. 
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Dqt  /(IxlO12  eV'1  cm'2) 


Fig.  3.11:  Calculated  density  of  states  for  the  charged  oxide  traps. 
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(ii)  using  a different  discharge-emission  time  t0  has  little  effect  on  the  bell- 
shape  of  the  data. 

3.4-2  Isochronal-EFSE  Applied  to  SiC^ 

The  isochronal-EFSE  technique  is  applied  to  the  thermally  grown 
oxides.  Electrons  are  injected  into  the  oxide  using  the  same  BiMOS 
injection  conditions  in  the  previous  section.  After  traps  are  discharged  via 
electron  tunnel  emission  for  te  seconds,  AVq  is  measured.  The  discharge 
field  is  increased  by  O.IMV/cm  and  kept  constant  for  te  seconds,  and  then 
AVq  is  measured  again.  The  experiment  is  repeated  using  detrap-emission 
discharge  times,  tg,  of  5.0,  50.0,  and  500.0  seconds.  Figure  3.12  shows  the 
gate  voltage  shift  relative  to  the  unstressed  device  measured  after  each 
discharge  oxide  field  increment  for  te  duration.  -dnQrjVdEQx  - 
I d nQfp/ 3 E I is  calculated  and  plotted  versus  discharge  field  in  Fig.  3.13. 
The  centroid  is  assumed  equal  to  the  oxide  thickness,  Xq^Xq^.  The 
density  of  initially  charged  oxide  traps  is  calculated  from  Eq.(3.9)  and 
plotted  in  Fig.  3.14.  A broad  spectrum  with  a density  peak  between  0.9- 
l.OeV  is  observed.  The  broadness  of  the  density  spectra  is  characteristic  of 
amorphous  materials. 

Recent  theoretical  calculations  show  that  the  lattice  relaxes  about  an 
oxygen  vacancy  to  enable  the  two  silicon  dangling  bonds  to  form  a 2.6  to 
3.0A  silicon-silicon  bond  [13].  Theoretical  calculations  for  the  [(Si-0)g=Si- 
•Si=(0-Si)g]  defect  by  Robertson[17-19],  and  Rudra  and  Fowler[13]  give  a 
shallow  bound  state  at  the  neutral  oxygen  vacancy  which  is  located  at 
approximately  l.OeV  below  the  oxide  conduction  band[15,16]  and  a 
0.7eV ±0.5eV  thermal  activation  energy[13].  This  is  in  good  agreement  with 
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Isochronal  - EFSE 
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Fig.  3.12:  Isochronal-EFSE  technique  where  oxide  traps  are  charged  by 

electron  capture  at  the  same  BiMOS  injection  condition  as  in 
Fig.  3.9.  Gate  voltage  shift  at  the  end  of  each  te  step  versus 
discharge-emission  field  which  is  increased  in  O.IMV/cm 
increments  and  maintained  constant  for  t0  equal  to  5.0,  50.0, 
and  500.0  sec. 
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Fig.  3.13:  I dnQrjVaEQxl  versus  oxide  discharge  field. 
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Dqt  /(IxlO12  eV'1  cm'2) 


Fig.  3.14:  Calculated  density  of  traps. 
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our  data.  A range  of  silicon-silicon  bond  lengths  is  expected  near  the  SiC>2 
interface  to  give  the  observed  broad  spectrum. 

3.4-3  Oxide  Thickness  Dependence  of  Trap  charging 

The  density  of  charged  oxide  traps  was  calculated  by  assuming  the 
trapped  charge  centroid  equal  to  the  oxide  thickness,  Xq^Xq^.  If  the 
centroid  is  not  equal  to  the  oxide  thickness,  the  density  of  charged  oxide 
traps  should  be  scaled  by  Xq^/Xq^.  We  apply  the  procedure  of  D.  R.  Young 
et  al.[25]  to  our  experiments  to  determine  the  centroid  experimentally  using 
a range  of  oxide  thicknesses  (93-281A)  in  dry  900C  oxides.  Figure  3.15  plots 
the  gate  voltage  shift  versus  injected  electron  fluence  due  to  charging 
electron  traps  at  EQX=l.lMV/cm,  jQX=1.3gA/cm2,  and  77K  for  oxide 
thickness  of  93,  150,  201,  and  281A.  If  the  oxide  traps  were  distributed 
uniformly  throughout  the  oxide  film  and  if  the  same  trap  density  (#/cm^) 
were  present  in  all  the  93  to  281 A oxides,  the  gate  voltage  shift  would  vary 

O 

with  1/Xqx  • However,  if  the  oxide  traps  were  located  at  the  SiC^/Si 
interface,  the  gate  voltage  shift  would  vary  as  1/Xq^.  Figure  3.16  plots 
AV q/XqX  versus  fluence  for  the  various  oxide  thicknesses  which  does  not 
give  the  correct  thickness  dependence.  A plot  of  AVq/XqX2  (not  shown)  also 
does  not  give  the  correct  thickness  dependence.  Figure  3.17  plots 
AVg/Xot=AVg/(X()X"82A)  where  the  centroid  from  the  Si/SiC^  interface, 
^OX'^-OT’  *s  taken  to  be  82A,  i.e.  XQfp=XQX-82A  from  the  gate/SiC^ 
interface.  This  figure  shows  that  the  traps  in  the  150  to  28 1A  oxides  are  all 
well  represented  by  a single  82A  centroid.  The  thinnest  (93 A)  oxide  result  is 
also  consistent,  viz.,  it  has  a lower  AVq  and  it  is  not  simply  proportionally 
lower  since  there  is  an  energy  and  spatial  distribution  of  the  trapped 
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Thickness  dependence  of  trap  charging 
900  C Dry  Oxide 


2.0  4.0  6.0  8.0 

N|Nj  /(1016crrf2) 


Fig.  3.15:  Gate  voltage  shift  versus  electron  fluence  for  93-281A 

dry(900C)  oxide. 
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Fig.  3.16:  Gate  voltage  shift  divided  by  oxide  thickness  versus  fluence. 
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Fig.  3.17:  Gate  voltage  shift  divided  by  the  oxide  trap  centroid  versus 

fluence,  AVq/(XqX-82A).  BiMOS  injection  conditions: 
Eox=l.lMV/cm,  Jox=1.3nA/cm,  T=77K,  and  VCB=6.0V. 
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electrons  tunneling  out  of  the  trap  during  the  l.IMV/cm  charging  of  the 
traps.  This  result  is  also  consistent  with  the  90A  centroid  reported  by 
Young,  et  al.  of  IBM  [25]  and  others[26].  Their  MOS  capacitors  had  162  to 
715A  thick  dry  1000C  oxides  with  aluminum  gate,  POA  (post-oxidation 
anneal)  of  1 hr  at  1000C  in  N2,  and  PMA  (post-metallization  anneal)  of  20 
minutes  in  N2,  and  they  were  stressed  by  avalanche  electron  injection  at 
77K.  Figure  3.18  plots  the  density  of  charged  oxide  traps  in  the  150  and 
281A  oxide  after  Njjsj-j=0.6xl0^^cm'^  electrons  are  injected  at 
Eox=l-lMV/cm,  and  jQx=l-3gA/cm^,  for  7.39x10^  seconds  at  T=77K  The 
isochronal-EFSE  measurements  were  made  at  te=30  second  detrap-emission 
time  for  each  O.IMV/cm  oxide  field  increment.  When  a centroid  of  82A  is 
used,  nearly  identical  energy  spectrum  of  the  density  of  charged  traps 
(magnitude  and  width)  is  found  in  the  oxides  with  thicknesses  of  150,  201, 
and  281A  as  indicated  in  Fig.  3.18.  This  is  strong  evidence  that  dry  oxides 
greater  than  150A  have  (1)  the  same  energy  spectrum  of  the  density  of 
charged  and  neutral  traps  and  (2)  the  same  spatial  distribution  of  oxide 
traps.  It  is  further  supported  by  the  IBM  data  of  D.  R.  Young  [25]  on  many 
differently  processed  thick  oxides  just  cited  (162-715A,  1000C  dry  oxides 
with  aluminum  gate)  who  gave  a centroid  of  90A  and  no  energy  spectra 
since  the  density  of  state  measurement  techniques  (this  EFSE  or  other 
methods)  were  not  available. 

The  thickness  independence  of  the  density  of  states  probably  results 
from  the  traps  being  near  the  Si/SiC^  interface.  Traps  near  the  SiC^ 
interface  are  expected  to  be  similar  in  oxides  with  thickness  greater  than 
100A  (or  the  trap  centroid>82A)  since  the  atomic  structure  near  the 
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Energy  Spectrum  of  Charged  Oxide  Traps 


Dqt  /(I  xlO^cm^eV'1) 


Fig.  3.18:  Density  of  states  for  dry  (900C)  oxides  of  Xq^=281A  and 

150A.  The  oxide  traps  are  charged  by  capturing  electrons 
injected  into  the  oxide  at  the  BiMOS  injection  condition: 

NINJ=6-0xl°15cm"2’  E0X=11MV/cm-  JoX=1-3^A/cm’ 
T=77K,  and  VCB=6.0V. 
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interface  is  largely  determined  by  the  growth  kinetics  of  the  oxide  on  the 
single  crystalline  silicon  [27], 

In  oxides  with  thickness  less  than  100A,  a significant  reduction  in  the 
density  of  electron  traps  is  observed.  This  is  to  be  expected  since  the 
centroid  (~82A)  is  approaching  the  oxide  thickness  to  cause  significant  trap- 
to-gate  tunneling  emission  as  predicted  by  Sah  [28,3]. 

3.4-4  Reversibility  of  the  Charging  and  Discharging  Process 

In  this  section,  the  reversibility  of  the  charging  and  discharging 
process  is  demonstrated  in  one  device  by  charging  and  discharging  five 
times  in  order  to  show  that  the  generation  of  new  traps  is  negligible  at  low 
electric  fields  and  that  reproduceable  recharging  is  possible.  Electron  traps 
are  charged  by  injecting  Nj^j=0.9xl0^^cm‘^  electrons  into  the  oxide  at 
EOX=0.54MV/cm  and  T=77K.  Next,  Dq^  is  measured  using  the  isochronal- 
EFSE  technique  at  te=50  seconds  and  O.IMV/cm  oxide  field  increments. 

The  maximum  discharge  field  employed  is  4.6MV/cm.  During  the 
measurement  of  the  spectrum,  all  electron-filled  traps  shallower  than  1.7eV 
below  the  oxide  conduction  band  edge  are  detrapped.  Figures  3.12,  3.14, 
and  3.18  showed  that  most  of  the  trapped  charge  (-95%)  at  these  BiMOS 
injection  conditions  are  shallower  than  1.7eV.  The  electron  traps  are 
charged  and  Dq^  measured  five  more  times  at  the  same  conditions.  The 
charged  trap  density  spectra  are  shown  in  Fig.  3.19  for  the  initial  unstressed 
device  and  after  the  fifth  cycle.  The  spectra  are  nearly  identical.  This  near 
identity  clearly  shows  that  (1)  the  density  of  newly  generated  traps  caused 
by  (i)  the  electron  transport  though  the  oxide  during  charging  and  (ii)  the 
capture  of  a conduction  electron  at  the  bound  states  in  the  oxide  is  much  less 
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Fig.  3.19: 


Energy  Spectrum  of  Charged  Oxide  Traps 


Ecox  = 0.54MV/cm 
N)Nj  = 9.0x1 014cm'2 
Xqt  = Xox,  T=77K 
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Density  of  states  for  the  electron  charged  oxide  traps  (1) 
initially  unstressed  device  and  (2)  after  traps  are  charged  and 
discharged  5 times.  The  oxide  traps  are  charged  by  electron 
injection  into  the  oxide  at  the  BiMOS  injection  condition: 


^cm'^  EQx=0.54MV/cm,  Jox=0.26gA/cm, 
T=77K,  and  VCB=6.0V. 


■^INJ=9.0x10 
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than  the  density  of  existing  traps,  and  (2)  the  shallow  traps  (0.5-1.7eV)  are 
not  converted  to  an  interface  state[29]  or  a deep  state  [30,31]  after  electron 
capture  as  previously  speculated.  Oxide  traps  were  also  repeatedly  charged 
with  larger  electron  fluence.  Again,  nearly  identical  spectrum  are  observed. 
3.4-5  Oxide  Charge  Altering  the  Applied  Oxide  Electric  Field 

The  oxide  electric  field  must  be  known  accurately  to  evaluate  the 
tunnel  transition  rate  since  the  rate  is  very  strongly  (double  exponential) 
dependent  on  the  oxide  electric  field.  The  forgoing  energy  spectra  were 
calculated  by  assuming  that  the  oxide  field  is  equal  to  the  applied  field 
(VOX^OX-*  which  is  valid  at  low  oxide  charge  densities.  In  this  section,  we 
show  that  this  is  a valid  approximation  for  oxide  charge  density  less  than 
2xl012cm‘2. 

In  order  to  evaluate  the  effect  of  the  trapped  charge  on  the  local  oxide 
electric  field,  the  density  of  states  for  the  charged  oxide  traps  is  measured 
after  various  injected  electron  fluences.  The  following  experiment  is 
performed  on  one  device  and  reproduced  in  many  devices:  (1)  a fraction  of 
the  electron  traps  are  charged  by  injecting  a fluence  of  electrons  into  the 
oxide  (Njjqj  = 5.0xl0^cm'2);  and  (2)  the  energy  spectrum  of  the  charged 
traps  is  measured  using  the  isochronal-EFSE  technique.  The  oxide  field  is 
incremented  between  1.2  to  4.6MV/cm  and  maintained  constant  for  t0=3O 
seconds  at  each  increment.  The  procedure  is  repeated  25  times  with 
increasing  electron  fluence  injected  into  the  oxide  to  charge  a larger 
percentage  of  the  traps.  Figure  3.20  shows  the  gate  voltage  shift  versus 
discharge  oxide  field  for  10  of  the  cycles.  Figures  3.21  and  3.22  show  the 
energy  spectrum  for  16  of  the  cycles.  The  charged  trap  density,  QqT’  *s 
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Fig.  3.20:  Isochronal-EFSE  applied  to  a MOS  device  with  increasing 

amounts  of  oxide  charge.  Normalized  gate  voltage  shift 
versus  discharge-emission  electric  field.  The  oxide  field  is 
increased  in  O.IMV/cm  increments  and  maintained  constant 
for  30  seconds.  The  oxide  traps  are  charged  by  capturing 
electrons  injected  into  the  oxide  at  the  BiMOS  injection 
condition:  EQ^=l.lMV/cm,  jQ^=1.3gA/cm,  T=77K, 
Vcb=6-0V,  and  Nj-^j  between  7.2x10^  and  2.2x10 ^cm'^. 
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Energy  Spectrum  of  Charged  Oxide  Traps 
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Fig.  3.21:  Density  of  states  of  the  charged  oxide  traps  with  increasing 

amounts  of  oxide  charge.  Same  BiMOS  injection  condition  as 
Fig.  3.20.  Energy  spectrum  calculated  using  X/~)r,1=X(w.  Qot 
between  2.8  to  18.0x10^-^  cm‘T 
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Fig.  3.22:  Qqt  between  1.9  to  3.2.xl0^^cm‘^. 
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labeled  for  each  curve  in  Figs.  3.21  and  3.22.  The  charge  is  computed  from 
the  gate  voltage  shift  using  the  Xq^-82A  centroid  measured  previously. 
During  a measurement  of  the  density  of  states,  traps  shallower  than  1.7eV 
will  emit  an  electron  when  the  largest  discharge  field  (4.6MV/cm)  is  applied 
for  30  seconds.  If  there  were  traps  deeper  than  1.7eV  that  were  charged, 
they  did  not  emit  an  electron  during  the  measurements.  In  Fig.  3.20,  the 
gate  voltage  shift  at  4.6MV/cm  detrap-emission  field  continues  to  rise  at 
higher  cycles  because  filled  traps  deeper  than  1.7eV  are  not  detrapped 
during  each  cycle. 

For  the  Njj^j=7.2  x lO^cm"^  curve  in  Fig.  3.21,  the  oxide  charge  is 

small  (QQ'p=2.8xl0^^cm‘^).  Hence,  the  spectrum  is  accurately  calculated 

using  Eqx=Vqx/Xqx-  For  larger  density  of  oxide  charge  (up  to  2x10^ 

-2 

cm  ),  the  Dqt  spectrum  remains  approximately  the  same  shape,  but  its 
peak  increases.  There  are  small  differences  in  the  shape  of  these  spectra 
which  will  be  shown  in  the  next  section  to  be  caused  by  the  energy 
dependence  of  the  capture  cross  section.  The  shallower  traps  in  the 
spectrum  have  a larger  capture  cross  section  than  the  deeper  traps. 

When  the  negatively  charged  oxide  trap  density  exceeds  2xl0^cm"^, 
the  shallower  energy  or  upper  shoulder  of  the  spectra  downshift  to  deeper 
energy  as  shown  in  Fig.  3.22.  For  example,  the  upper  shoulder  of  the  Q(yp  = 
3.2x10  cm'z  curve  downshifts  to  approximately  l.leV.  The  downshift  of 
upper  shoulder  for  these  curves  is  an  evidence  of  significant  alteration  of  the 
local  electric  field  by  the  charged  oxide  traps.  The  increased  local  oxide 
electric  field  causes  the  tunnel  emission  rate  at  the  shallower  traps  to 
increase  significantly  so  that  they  could  not  be  charged  by  electron  capture. 
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The  deeper  traps  (lower  shoulder)  are  not  affected  as  much  and  maintain 
essentially  the  same  profile  of  density-of-charged-states. 

3.4-6  Energy  Dependence  of  the  Capture  Cross  Section 

The  capture  cross  section  as  a function  of  electron  trap  energy  is 
obtained  in  this  section.  The  energy  dependence  of  the  cross  section  is 
observed  in  Figs.  3.21  and  3.22.  The  shallower  traps  in  the  spectrum  have  a 
larger  capture  cross  section  than  the  deeper  traps.  In  Fig.  3.21,  the  density 
of  states  for  the  shallower  part  of  the  spectrum  (around  0.9eV)  saturates 

1 r c\ 

with  increasing  fluence  at  approximately  4.0xl0iOcm'  . However,  the 
density  of  states  for  traps  at  1.2eV  does  not  saturate  until  a larger  fluence  of 
lxlO1  'cm  . The  kinetics  for  electron  capture  by  a trap  is 

dnQT (t) /dt=c£n [nTT-nQT (t) ] - (e£+wn) nQT (t) -e^nnQT (t)  (3.10) 

where  we  use  the  widely  used  notation  convention  due  to  Sah:  n is  the 

q \ 

electron  concentration  in  silicon  dioxide  (cm"°),  c^  is  the  thermal  capture 

q 

coefficient  (cm°/s),  n-p^  is  the  areal  density  of  oxide  traps,  nQrp(t)  is  the 
areal  density  of  trapped  electron(cnT^),  e^  is  the  field  dependent  thermal 
emission  coefficient  of  trapped  electrons  (s-^),  wn  is  the  Price-Sah  trap-to- 
band  tunneling  emission  rate,  and  eJJ  is  the  electron  impact  emission 
coefficient.  Trapping  kinetics  at  a single  discrete  level  is  usually  applied  to 
SiC^.  However,  the  observed  trapping  in  these  samples  is  due  to  a 
distribution  of  trap  energies  and  not  a discrete  level.  The  coefficients 
etc.)  in  Eq.  (3.10)  are  highly  sensitive  to  the  energy  level  of  the  trap.  The 
coefficients  will  vary  over  many  orders  of  magnitude  for  trap  energies 
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differing  by  a few  tenths  of  an  electron  volt.  For  example,  at  higher  fields  at 
which  the  trap-to-band  tunnel  emission  term  in  Eq.  (3.10)  becomes 
important  and  then  dominates,  the  coefficient  varies  nearly  10  orders  of 
magnitude  for  trap  energies  across  the  spectrum  shown  in  Fig.  3.14  or  Fig. 
3.18.  Therefore,  the  kinetic  equation  governing  electron  (or  hole)  trapping 
must  be  written  for  a distribution  of  traps  in  energy.  The  charging-capture 
kinetic  equation  for  the  density  of  electron-charged  oxide  traps,  Dq^,  is 

dD0T(t,ET)  ) /dt  = c£(ET)n[DTT  - D0T(t,ET)]  (3.11) 

where  Dq*p  is  the  total  density  of  oxide  traps  and  the  emission  terms  are 
neglected.  The  tunnel  and  thermal  emission  rates  are  negligible  at  this  low 
field  (less  than  l.IMV/cm  ) and  low  temperature  (77K)  injection 
condition[12].  Impact  emission  is  not  important  below  the  threshold  field  of 
electron  heating,  1.5MV/cm  [32].  As  a further  test  on  whether  the  emission 
terms  are  important  under  these  injection  conditions,  the  traps  are  charged 
using  different  oxide  current  densities(jQx=0.25gA/cm^  to  2.5gA/cm^)  and 
one  charging  oxide  field  EQ^=l.lMV/cm.  Nearly  identical  spectra  of 
charged  traps  are  observed.  This  indicates  that  tunnel,  thermal,  and  impact 
emission  processes  are  not  important  or  their  rate  are  low  compared  with 
the  capture  rate  during  charging  at  low  oxide  fields  and  low  temperatures. 

To  solve  the  kinetic  equation,  the  thermal  velocity  is  approximated  by 
the  drift  velocity  using  J = qnVj-j  = qnO.  This  was  shown  to  be  a valid 
approximation  at  the  low  oxide  fields  used  [33].  The  density  of  charged 
oxide  traps  as  a function  of  charging-capture  time  or  injected  fluence  is 
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D0T(t,ET)  = A { 1 - exp[-(7^(ET)NINJ]  }.  (3.12) 

where  the  thermal  capture  cross  section  is  defined  phenomenologically  as 
er^=c^/0n.  The  density  of  charged  oxide  traps  versus  electron  fluence  is 
plotted  in  Fig.  3.23  for  several  values  of  trap  energy  obtained  from  Figs.  3.21 
and  3.22.  Figure  3.23  shows  that  the  shallower  traps  are  charged  up  by 
electron  capture  faster  than  the  deeper  traps.  This  is  consistent  with  the 
notion  that  shallow  traps  have  a larger  electron  capture  cross  section.  The 
curves  in  Fig.  3.23  are  least-squares  fitted  accurately  to  the  one-time 
constant  model,  Eq.  (3.12),  and  give  the  capture  cross  section  at  each  trap 
energy.  Figure  3.24  plots  these  capture  cross  sections  versus  the  trap 
energy  level.  It  shows  that  the  capture  cross  section  decreases  two  orders  of 
magnitude,  <7^=10‘^  to  10"^  cm'^,  in  the  energy  range  0.8  to  1.7eV.  This 
range  of  the  capture  cross  sections  is  consistent  with  the  empirically  average 
values  reported  in  the  literature[30,31,34].  However,  our  results  show  for 
the  first  time  that  there  exists  a continuous  distribution  of  capture  cross 
sections  due  to  a continuous  distribution  of  trap  energy  levels  and  not 
several  discrete  traps  as  previously  assumed  [30].  A distribution  is  expected 
in  an  amorphous  solid  since  it  has  continuously  varying  atomic 
environments  around  the  defects  associated  with  the  oxide  traps. 

The  energy  dependence  of  the  capture  cross  section  and  the  broad 
energy  spectrum  of  traps  now  offers  the  reason  why  the  gate  voltage  shift 
versus  fluence  curve  given  in  Fig.  3.15  and  reported  in  the  literature 
[15,30,31]  does  not  follow  a simple  one-exponential  model.  The  curves  are 


/(I  xl O^cm^eV'1) 


64 


I — 

O 

Q 


Dot(Et)  versus  Fluence 

1 u 1 1 " * i i i | l l I l l I l l 1 1 l l l 1 1 1 II 1 1 l I I I i i i 1 1 1 i 1 1 i i i ii 

T=77K 

Ecox=1 .1  MV/cm 

Ec-Et=1  .2  eV 


2.0- 


10.0  20.0  30.0  40.0 

N|nj  / (1  x1015cnr2) 


50.0 


Fig.  3.23:  DQrp(Erp)  versus  injected  electron  fluence  at  Erp=0.85,  0.95, 

1.05,  1.2,  1.4,  and  1.6eV.  Same  BiMOS  injection  conditions  as 
Fig.  3.20. 
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Fig.  3.24:  Electron  capture  cross  section  versus  trap  energy  level.  The 

cross  section  is  obtained  by  a least-squares  one  exponential  fit 
to  the  curves  in  Fig.  3.23. 
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frequently  least-squares  fitted  to  two  or  more  exponential  terms  whose 
empirical  fit  parameters  (time  constant  and  amplitude)  depend  on  the 
fluence  range  selected  by  the  researchers  because  deeper  levels  with  smaller 
capture  cross  sections  will  begin  to  appear  in  the  AVq  shift  only  in  the 
higher  fluence  range.  Furthermore,  the  AVq4  or  AVq-Njj^j  curves  do  not 
saturate  at  higher  fluence  (in  the  range  > 1.0  x lO^cm"^)  and  the  rise 

slows  down  which  is  a further  indication  of  the  presence  of  the  deeper  oxide 
traps  with  smaller  capture  and  emission  cross  sections.  For  example,  in  our 
samples  just  described,  nearly  all  the  traps  shallower  than  1.5eV  are 
charged  after  Njj^j=1.0xl0^^cm‘^  at  77K.  However,  traps  deeper  than 
1.5eV  with  smaller  capture  cross  sections  are  not  charged  until  larger 
injected  electron  fluences. 

3.4- 7  Form  of  the  Tunneling  Transition  Rate 

All  energy  spectra  were  calculated  using  W^=  10‘^V^cm'^  and 
mx=my=mz=m{)  where  mQ  is  the  free  electron  mass.  In  this  section,  the 
sensitivity  of  the  measured  energy  spectrum  on  the  energy  dependence  of 
the  pre-exponential  factor  and  effective  mass  is  investigated.  Sensitivity 
from  both  are  expected  to  be  small  due  again  to  the  double  exponential. 

3. 4-  7a  Pre-exponential  factor 

In  the  Price-Sah  model  for  the  tunnel  transition  rate,  the  pre- 
exponential factor  has  an  electric  field  dependence  to  the  first  power 
(Eqx1)-  Chaodhuri,  Coon,  and  Karowasiri  (to  be  referred  to  as  CCK) 
derived  a 3-dimensional  expression  which  has  a dependence  [35]. 

The  transition  rate  in  the  CCK  model  is 
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(3.13) 


where 


4 (2m*) 1/2Et3/2 


a 


(3.14) 


3q(h/27T) 


62nET|s (n) |2 


o 


(3.15) 


3 (h/27T)  T2  (n  + 1) 


and 


1/2 


s (n)  = [n/ (sin (nTT) ] (1/2)  T (n-m-1)  (n-m) 

m=0 


(3.16) 


The  parameter  n(0-»l)  takes  into  account  the  nature  of  the  trap  binding 


potential,  i.e.  whether  a trap  is  shallow,  deep,  charged,  or  neutral.  For  neutral 
or  deep  traps  used  in  the  Price-Sah  model  [22],  n is  close  to  zero.  For  shallow 
coulombic  centers,  n is  close  to  one  [36].  To  test  the  sensitivity  of  our  result  on 
n,  the  energy  spectrum  for  the  isochronal-EFSE  measurement  with  50  second 
detrap-emission  time  in  Fig.  3.14  is  analyzed  using  values  of  n ranging  from 
zero  to  one.  The  results  are  plotted  in  Fig.  3.25. 

As  seen  in  Fig.  3.25,  the  EFSE  technique  is  not  very  sensitive  to  the  value 
of  n.  The  peak  in  the  spectrum  varies  at  most  by  0.18eV  at  0.9eV  for  n ranging 
from  its  maximum  (n=l)  to  minimum  (n=0).  For  oxide  traps  in  this  study, 
electrons  are  captured  by  neutral  centers.  The  initial  charge  state  of  the  traps, 
neutral,  is  obtained  by  comparing  the  Cq-Vq.  curve  on  an  unstressed  device  to 
the  theoretical  curve.  Thus,  n should  be  close  to  zero  as  in  the  Price-Sah  model. 
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Energy  Spectrum  of  Charged  Oxide  Traps 
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Fig.  3.25:  Density  of  states  is  calculate  from  te=50sec.  tunneling 

emission  data  in  Fig.  3.12  using  Chaodhuri,  Coon,  and 
Karowasiri  tunneling  transition  rate  n varied  between  0 to  1. 
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The  matrix  element  of  lO'^V^cm^  (from  the  gold  center  in  Si)[12,22]  is 
consistent  with  n=0.22. 

3.4-7b  Effective  mass 

Throughout  the  paper,  the  spectra  were  calculated  using  an  effective 
* 

mass,  m (=mx=my=mz),  equal  to  the  free  electron  mass,  mQ.  The  sensitivity  of 
the  density  of  states  on  the  effective  mass  is  investigated  in  this  section. 
Numerous  values  for  the  effective  mass  in  SiC>2  have  been  obtained  from  band- 
to-band  (interband)  Fowler-Nordheim  (FN)  tunneling  current  measurements 
using  electron  injection  from  both  the  metal  gate  and  Si-substrate  into  the 
oxide  conduction  band.  A range  of  values  for  the  effective  mass  from  0.3mQ  to 
1.0mo  have  been  reported  [37].  Most  of  the  reported  FN  tunneling  data  seem  to 
suggest  m*=0.5mo  [37], 

The  effective  mass  characterizing  trap-to-band  transitions  in  the  oxide 
should  be  different  from  the  effective  mass  measured  in  band-to-band  FN 
tunneling  experiments  for  the  following  two  reasons.  First,  the  band-to-band 
tunneling  experiments  measure  the  effective  mass  within  20-30A  of  the  SiC^/Si 
interface  or  gate/Si02  interface.  Since  both  interfaces  are  strained,  the 
dispersion  (E-k)  relationship  in  the  Si02  will  be  altered,  thus  changing  the 
effective  mass.  For  example,  the  first  several  monolayers  of  SiC>2  near  the 
SiC^/Si  interface  are  denser  (shorter  Si-Si  bond)  and  have  a different  structure 
than  bulk  amorphous  SiC>2  [27],  However,  from  the  data  in  the  literature, 
strain  alteration  of  the  effective  mass  at  the  interface  does  not  appear  to  have 
been  included  as  a large  effect.  Gate  metal  electrodes  deposited  at  low 
temperatures  did  not  seem  to  significantly  strain  the  oxide  near  the  gate/oxide 
interface  as  compared  to  the  oxide  20-30A  within  the  Si02/Si  interface  [38],  FN 
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tunneling  electron  injection  from  the  metal  gate  and  Si  substrate  both  give 
* 

approximately  m =0.5mo  [37],  Second,  in  FN  tunneling  experiments,  the 

effective  mass  through  the  forbidden  path  lies  in  a deeper  energy  range  in  the 

Si02  energy  gap  than  the  trap-to-band  tunneling  (~0.5-»1.7eV)  in  this  paper 

due  to  the  larger  Si02/Si  (~3eV)  and  metal/Si02  (~3eV)  barrier.  It  is  not 

unexpected  that  the  parabolic  dispersion  relationship  may  not  hold  throughout 

the  entire  Si02  energy  gap  (9eV)  or  even  the  upper  1/3  near  the  oxide 

conduction  band  edge  with  the  consequence  of  varying  effective  mass  with 

energy  or  position  along  the  forbidden  path.  Maserjian  suggested  that  FN 

tunneling  may  have  two  channels  via  a heavy  (m  =.85mQ)  and  a light 
* 

(m  =0.27mQ)  oxide  conduction  band  [38].  The  FN  effective  mass  is  then  an 
effective  mass  averaged  over  this  energy  range  if  the  separation  of  these  two 
band  edges  is  zero  or  extremely  small,  otherwise,  only  the  lowest  oxide 
conduction  band  edge  dominates,  a more  likely  case  since  the  tunneling 
emission  rate  is  so  strongly  dependent  on  the  energy  level  (double  exponential). 
Furthermore,  photon-assisted  FN  tunneling  data  of  Weinberg  and  Hartstein 
suggested  that  the  effective  mass  is  constant  (m  =0.5mQ)  throughout  a shallow 
energy  range  (0.5  to  1.5eV)  [39]. 

Figure  3.26  analyzes  the  isochronal-EFSE  data  for  the  50  second  time 
step  using  effective  mass  values  from  0.5mQ  to  1.0mo.  Uncertainty  in  the 
effective  mass  gives  a small  uncertainty  in  the  location  of  the  peak  in  the 
density  of  states.  Depending  on  the  value  of  the  effective  mass  used,  the  peak 
shifts  from  l.OeV  (m  =mQ)  to  1.3eV  (m  =0.5mo).  Therefore,  the  results  in  this 
paper  are  not  strongly  affected  by  the  value  of  the  effective  mass  used. 
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Energy  Spectrum  of  Charged  Oxide  Traps 
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Fig.  3.26:  The  effective  mass  varied  between  0.5  to  1.0  times  the  free 

electron  mass. 
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Nevertheless,  the  effective  mass  must  be  cited  in  order  for  the  result  to  be 
useful  in  MOS  reliability  design  applications. 

3.5  Conclusion 


Two  new  EFSE  techniques,  the  transient-  and  the  isochronal-EFSE,  are 
described  and  analyzed  in  detail.  Comparison  with  the  exact  transient-EFSE 
shows  that  the  faster  isochronal-EFSE  gives  accurate  result.  Both  methods 
require  large  scale  computer-controlled  5-6  significant  figure  data  acquisition 
system  and  long-time  (100-hour)  data  acquisition  runs.  The  methods  are  used 
to  measure  for  the  first  time  the  energy  spectrum  of  the  oxide  electron  traps  in 
pure  SiC>2  film  on  VLSI  grade  crystalline  silicon.  Electron  traps  are  found  to  be 
distributed  throughout  the  upper  SiC>2  energy  gap  between  0 to  at  least  3.0eV 
below  the  conduction  band  edge.  A broad  energy  spectrum  with  a density  of 
states  peak  between  0.9-1.0eV  below  the  conduction  band  edge  is  observed  in 
all  dry  oxides  used  in  the  experiments.  The  electron  capture  cross  section  of 
the  traps  varies  exponentially  with  trap  energy  depth.  Shallower  traps  have  a 
larger  cross  section  than  the  deeper  traps,  decreasing  from  10"^  to  10'^  cm'^ 
in  the  energy  range  of  0.5  to  1.7eV  below  the  conduction  band  edge.  Several 
error  analyses  are  presented  to  show  that  the  EFSE  technique  is  a powerful 
new  and  accurate  technique  to  characterize  electron  (and  hole)  trapping 
kinetics  and  parameters  in  SiC>2  and  other  insulators.  The  analytical 
expressions  derived  for  the  EFSE  technique  are  highly  accurate  and  valid  for 
traps  at  a discrete  energy  level  or  a distribution  of  levels.  Furthermore,  the 
technique  has  great  experimental  facility  because  of  the  ease  in  controlling  the 
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oxide  electric  field  compared  with  controlling  temperature  in  the  thermally 
stimulated  methods  or  photon  energy  in  the  optically  stimulated  methods. 
Furthermore,  the  fundamental  data  obtained  from  varying  the  electric  field 
stimulant  is  directly  applicable  to  the  reliability  design  of  current  and  future 
generations  of  submicron  integrated  circuits,  as  demonstrated  by  the 
illustrations  given  in  this  chapter,  without  having  to  translate  and  extend  the 
fundamental  data  and  parameters  empirically  to  those  used  in  engineering 
designs  of  reliability  VLSI  transistors. 


CHAPTER  4 

TUNNELING  AND  THERMAL  EMISSION  OF  ELECTRONS  FROM 
A DISTRIBUTION  OF  SHALLOW  TRAPS  IN  SI02 


4.1  Introduction 


In  Chapter  4,  the  charging  of  existing  oxide  electron  traps  is  found  to 
be  strongly  oxide  electric  field  dependent.  The  transition  rate  of  trapped 
electrons  tunneling  into  the  oxide  conduction  band  increases  exponentially 
with  increasing  oxide  field  due  to  barrier  thinning.  Electron  detrapping  via 
tunnel  emission  is  measured  at  77K  using  the  isochronal  electric-field- 
stimulated  emission  technique  presented  in  Chapter  3.  This  technique  gives 
the  energy  spectrum  of  the  charged  oxide  electron  traps.  The  spectrum  of 
charged  oxide  traps  is  measured  at  oxide  fields  between  1 to  4MV/cm  and 
temperatures  between  77  to  294K.  The  experimental  spectrum  peaks  at 
0.9eV  for  low  temperature  and  low  oxide  field  while  the  measured  thermal 
activation  for  electron  detrapping  is  about  0.4eV.  The  energy  level  and 
thermal  activation  energy  are  consistent  with  the  Mott  ratio  of  the  Jahn- 
Teller  effect  for  the  polar  Si02,  1.9. 

Previously,  increased  electron  trapping  has  been  reported  in  Si02  at 
77K[25,34]  with  an  0.3eV  activation  energy  for  the  thermal  emission  of 
electrons  from  these  oxide  traps[34].  In  this  chapter,  we  measure  for  the 
first  time  the  energy  distribution  of  these  shallow  oxide  traps  charged  at 
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oxide  field  between  1 to  4MV/cm  and  temperatuers  between  77  to  294K. 
very-large-scale-integrated  (VLSI)  oxides  obtained  using  the  new  isochronal 
electric-field-stumulated  emission  technique. 

4.2  Experimental  Method 

Electron  are  injected  into  the  oxide  by  the  forward-biased  substrate 
emitter-base  n+/p  junction  of  a vertical  n+/p/n-inversion-layer  composite 
bipolar  metal-oxide-semiconductor  (BiMOS)  transistor  [21].  The  gate  oxides 
were  grown  on  a p-well  in  Si  using  three  oxidation  processes,  850C 
dry /wet/dry,  900C  dry,  and  950C  partial  steam.  Poly-crystalline  silicon  gate 
is  then  deposited  on  the  SiC>2  and  doped  n-type  by  POClg.  The  self-aligned 
source  and  drain  were  implanted  with  1.0  x 10locm  of  lOOKeV 
phosphorus  ions.  The  implantation  damage  was  annealed  at  850C  for  30 
minutes.  The  source  and  drain  were  then  diffused  at  950C  for  90  minutes  in 
nitrogen  ambient.  High  purity  aluminum  was  then  thermally  evaporated 
and  patterned  to  form  the  ohmic  contacts. 

Electrons  are  injected  into  the  gate  oxide  at  low  oxide  fields,  1 to 
5MV/cm,  to  charge  the  existing  oxide  traps.  Generation  of  new  oxide 
electron  traps  is  minimized  by  limiting  the  electron  stress  to  this  low  field 
range[23,24].  The  electron  injection  is  periodically  stopped  to  measure  the 
gate  capacitance  versus  gate  voltage  (Cq-Vq)  and  drain  current  versus  gate 
voltage  (Ipj-Vq)  curves  at  the  stress  temperature.  Parallel  positive  gate 
voltage  shift  of  the  Cq-Vq  and  Ij)-Vq  is  observed  which  indicates 
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charging  of  existing  oxide  electron  traps[23]  and  not  the  generation  of  new 
interface  traps.  The  identical  gate  voltage  shift  of  the  :D-VG  and  CG'VG 
curves  indicates  uniform  charging  of  oxide  traps  because  the  Iq-Vq  curve  is 
sensitive  to  oxide  charge  localized  near  the  source  while  the  CG  -VG  curve  is 
sensitive  to  oxide  charge  along  the  entire  channel. 

4.3  Temperature  and  Oxide  Field  Dependence  of  Oxide  Trap  Charging 

Figure  4.1  shows  the  oxide  electric  field  dependence  (1.3  to  4.6MV/cm)  of  the 
gate  voltage  shift,  measured  at  1.0/iA  drain  current  and  lOOmV  drain  to 
source  voltage,  versus  electron  fluence  at  77K.  Figure  4.2  shows  the  stress 
temperature  dependence  (77,  150,  210,  and  294K)  of  the  gate  voltage  shift  at 
2.1MV/cm  oxide  field.  The  saturation  of  the  gate  voltage  shift  after  an 
injected  electron  fluence  greater  than  2xl0^d  cm'^  is  due  to  the  steady-state 
balance  of  the  field  and  temperature  dependent  charging  and  discharging 
processes  of  the  oxide  traps.  The  saturation  indicates  negligible  generation 
of  charged  new  oxide  traps[23].  The  decrease  in  the  saturated  gate  voltage 
shift  at  a constant  temperature  (77K)  in  Figure  4.1  corresponds  to  a 
decreasing  density  of  charged  oxide  traps  with  increasing  oxide  electric  field. 
The  decrease  in  the  saturated  gate  voltage  shift  at  a low  constant  oxide  field 
(2.1MV/cm)  in  Figure  4.2  corresponds  to  a decreasing  density  of  charged 
oxide  traps  with  increasing  temperature.  The  decreases  are  due  to  the 
exponentially  increasing  tunnel  emission  rate  with  increasing  oxide  electric 
field  (Fig.  4.1)  and  exponentially  increasing  thermal  emission  rate  with 
increasing  temperature  (Fig.  4.2). 
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Fig.  4.1:  Gate  voltage  shift  versus  injected  electron  fluence  for  150A 

dry/wet/dry  (850  C)  oxide  and  gate  voltages  (Vq)  between  2.5- 
7.0V  and  substrate  injection  stress:  T=77K,  source  and 
drain/base  reverse  bias  (V^g)  6.0V,  gate  current  (Iq)  5.0nA. 
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Fig.  4.2:  Gate  voltage  shift  versus  injected  electron  fluence  for  150A 

dry/wet/dry  (850  C)  oxide  and  temperatures  between  77-294K 
and  substrate  injection  stress:  Vq=3.1V,  VGg=6.0V, 
IG=100nA. 
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The  importance  of  tunneling  emission[14]  in  SiC>2  has  been  recognized 
recently  but  no  experimental  data  were  reported[14],  We  use  the  isochronal 
electric-field-stimulated  emission  technique  to  characterize  tunneling 
emission  of  electrons  from  oxide  traps.  This  technique  consists  of  the 
following  steps:  (1)  the  oxide  electron  traps  are  first  charged  at  a constant 
temperature  and  low  oxide  electric  field  by  electron  injection  into  the  gate 
oxide,  (2)  the  electron  injection  is  stopped  and  the  BiMOS  is  cooled  to  77K, 
(3)  the  oxide  electric  field  (discharge  field)  is  increased  in  O.IMV/cm  steps 
and  maintained  constant  for  300  seconds  at  each  step,  and  (4)  at  the  end  of 
each  300-second  step,  the  gate  voltage  at  a drain  current  of  l.OgA  is 
measured  to  record  the  differential  oxide  detrapping  via  tunneling  emission 
of  the  electrons  trapped  at  the  oxide  traps. 

The  electron  traps  in  the  three  oxides  were  first  charged  at  77K  and  a 
low  oxide  electric  field  (1.2MV/cm),  and  then  discharged  by  increasing  the 
oxide  electric  fields  in  steps.  Figure  4.3  shows  the  gate  voltage  shifts  from 
the  unstressed  value  versus  discharge  oxide  electric  field.  The  gate  voltage 
shift  decreases  for  increasing  discharge  oxide  field  as  the  electrons  are 
detrapped.  The  curve  has  a maximum  slope  at  a discharge  oxide  field  of 
approximately  2.0MV/cm  which  occurs  when  the  largest  number  of  electrons 
are  detrapped  in  a unit  energy  range. 

The  energy  spectrum  of  the  oxide  traps  is  calculated  from  the 
experimental  data  using  the  Price-Sah  tunneling  emission  model[22]  which 
gave  a tunneling  emission  rate  of 
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Fig.  4.3:  (CQ/q)AVQ  measured  at  the  end  of  each  300  second  discharge 

versus  average  discharge  oxide  electric  field  for  204A  partial 
steam  (950  C),  196A  dry  (900  C),  and  150A  dry/wet/dry  (850  C) 
oxides.  Substrate  injection  at  77K  to  fill  traps: 

I(j=5.0nA,  injection  time  (Tjjqj)  2000s. 
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U)  = (7T2/h3)  (mymz)  1/2  (Eox/ET)W2exp(-20)  (4.1) 

where  0 = (47T/3)  (2mx)  1/2ET3/2/ (hEQX)  . (4.2) 

Eqx  is  oxide  electric  field.  E-p  is  the  energy  level  of  the  oxide  electron 
trap  measured  from  the  oxide  conduction  band.  W is  the  square  of  the 
tunneling  transition  matrix  element.  As  shown  in  Chapter  3,  the  density  of 
states  is  computed  from 


DOT  (ETi ^ = tANOTi  ANOTi-l-!  / (ETi  ETi-l^ 


= (CQ/q) [AVGi-1  - AVg±]  / [ETi  - ETi-1 ] (4.3) 


where  Erp-  is  computed  from  w-^-t=l  at  each  i-th  experimental  Eqxp 

The  energy  spectrum  for  the  existing  oxide  traps,  Dq^  vs.  Erp,  charged 
at  77K  and  oxide  field  of  1.2MV/cm  is  the  top  curve  (triangular  marker) 
shown  in  Figures  4.4  and  4.5  for  the  dry/wet/dry  oxide.  The  partial  steam 
and  dry  oxides  gave  the  same  spectra.  We  used  W^=10'^V^cm°[22]  and 

9 

mx=my=mz=m().  The  sensitivity  to  the  numerical  value  of  used  is  0.9eV 

O 

± O.leV  for  the  peak  when  W is  increased  or  decreased  by  two  orders  of 
magnitude.  If  the  band-to-band  (Si  to  SiC^)  tunneling  electron  mass 
reported  by  Weinberg[40],  mx=my=mz=0.5mo,  is  used  for  this  trap-to-band 
tunneling  process  then,  the  peak  shifts  to  1.2eV. 

Figure  4.4  shows  the  field  dependence  (1.2,  1.5,  1.7,  1.8,  and 


2.0MV/cm)  of  spectra  of  the  charged  oxide  electron  traps  which  reaches  an 
asymptotic  shape  at  the  lowest  oxide  electric  fields,  1.2MV/cm.  Since 
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Fig.  4.4:  Density  of  charged  oxide  electron  traps,  pQrp,  versus  energy  for 

150A  dry/wet/dry  (850  C)  oxide.  Substrate  injection  at  gate 
voltages  (Vq)  between  1.85-3.0V  to  fill  traps:  T=77K, 
Iq=5.0iiA,  Vq£=6.0V,  and  Tjjpj=2000s. 
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Fig.  4.5:  Density  of  charged  oxide  electron  traps  versus  energy  for  150A 

dry/wet/dry  (850  C)  oxide.  Substrate  injection  at  temperatures 
between  77-200Kto  fill  traps:  Vq=1.85V,  Iq=5.0iiA, 
Vcb=6-0V,  and  Tjj^j=4000s. 
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thermal  emission  at  77K  is  negligible  for  traps  with  thermal  activation 
energy  greater  than  about  O.leV  (emission  rate  dropped  by  e'-3 • 10/0.006)  _ 
the  energy  spectrum  at  the  lowest  field  (1.2MV/cm)  is  essentially  the 
spectrum  of  the  total  oxide  electron  traps. 

Figure  4.5  shows  the  temperature  dependence  (77,  110,  150,  and  200K) 
of  the  spectra  of  charged  oxide  traps  at  the  lowest  oxide  field.  The  decrease 
in  charged  traps  with  increasing  temperature  is  due  to  thermal  emission. 
The  fraction  of  oxide  traps  charged  at  a given  temperature  is  (l+enq/<JnJ)'^ 
where  crQ  is  the  electron  capture  cross  section,  J is  the  oxide  current  density, 
and  en  is  the  thermal  emission  rate.  The  60%  reduction  in  trapped  charge 
from  77  to  150K  in  our  data  give  a thermal  activation  energy  for  electron 
detrapping  of  about  0.4eV,  using  J=1.3gA/cm2,  a‘=10'1^cm2  (from  Figures 
4.1  and  4.2),  and  a thermal  emission  preexponential  frequency  factor  of 
lO^s'-*-.  This  is  consistent  with  the  0.3eV  peak  of  the  thermal  activation 
energy  spectrum  measured  by  Ning[34].  The  O.leV  lower  value  reported  by 
Ning  may  be  due  to  Poole-Frenkel  barrier  lowering  by  the  oxide  electric  field 
employed  by  Ning. 

Our  measured  0.9eV  trap  depth  from  tunneling  is  larger  than  the 
thermal  activation  energy,  0.4eV.  The  difference  is  due  to  lattice  relaxation 
during  thermal  activation,  i.e.  the  Jahn-Teller  effect,  according  to  the 
Franck-Condon  principle  which  also  applies  to  tunneling.  Lattice  relaxation 
during  thermal  detrapping  at  point  defects  and  impurity  centers  is  small  in 
non-polar  covalent  semiconductors  (<  5meV  in  Si[41]),  moderate  in  polar 
covalent  semiconductors  (60meV  for  Cr  in  GaAs[42]),  and  largest  in  ionic 
crystals  (leV  for  the  1SQ  to  3P1°  transition  at  T1  impurity  in  KC1[43]). 
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Mott[20]  showed  that  the  ratio  of  the  optical  ionization  energy  to  thermal 
activation  energy  (Eq/E^j1)  is  equal  to  the  ratio  of  the  static  to  high- 
frequency  dielectric  constant.  The  theoretical  Mott  ratio  is  about  2.0  in  ionic 
crystals  and  1.9  in  Si02.  Our  data  gives  a ratio  of  0.9/0.4  = 2.2. 
Experimental  lattice  relaxation  energy  data  in  Si02  is  scarce.  In  order  to 
account  for  the  5.8eV  absorption  associated  with  the  neutral  trivalent  defect 
(Sig°),  O’Reilly  and  Robertson[16]  and  Griscom[44]  proposed  that  the  Sig+ 
defect  relaxes  3eV  after  capturing  an  electron  giving  a Mott  ratio  of  5. 8/(5. 8- 
3.0)=2.1.  A 3.3eV  lattice  relaxation  was  proposed  by  O’Reilly  and 
Robertson[16]  and  Gee  and  Kastner[45]  to  explain  the  7.6eV  absorption 
band  in  Si02  that  gave  the  4.3eV  photoluminescence[45],  giving  a Mott  ratio 
of  7.674.3=1.8. 


4.4  Conclusion 


In  summary,  charging  Si02  traps  by  electrons  is  strongly  dependent 
on  oxide  electric  field  due  to  the  exponentially  increasing  tunneling 
detrapping  rate  with  increasing  oxide  electric  field.  The  isochronal  electric- 
field-stimulated  emission  technique  is  used  to  give  the  energy  spectrum  of 
the  charged  oxide  traps.  It  is  found  that  the  oxide  electron  traps  are 
distributed  in  energy  with  a peak  at  0.9eV  and  a thermal  activation  energy 
of  about  0.4eV  for  electron  detrapping.  The  oxide  electric  field  and 
temperature  during  electron  trapping  is  shown  to  alter  the  energy  spectrum 
of  the  charged  oxide  trap  or  trapped  electron  density.  Both  the  tunneling 
and  thermal  emission  rates  of  electrons  bound  at  shallow  traps  are  high  at 
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high  fields  and  temperatures.  Thus,  only  deeper  oxide  traps  are  charged  by 
injected  electrons  at  high  oxide  electric  fields  and  temperatures. 


CHAPTER  5 

POSITIVE  CHARGE  GENERATION  IN  Si02  BY 
ELECTRON-IMPACT-EMISSION  OF  TRAPPED  ELECTRONS 


5.1  Introduction 


In  Chapter  5,  experiments  are  presented  which  indicate  for  the  first 
time  that  the  positive  charge  located  in  the  bulk  oxide  film  probably  results 
from  creation  of  the  E'  center,  Vq+  donor,  due  to  emission  of  a trapped 
electron  by  electron  impact  at  an  initially  neutral  bridging  oxygen  vacancy 
Vq,  [(Si-0)g=Si  • • Si-(0-Si)3].  An  impact  electron  threshold  energy  of  7eV 
for  positive  charge  generation  is  measured.  A shallow  neutral  oxide  electron 
trap  located  leV  below  the  conduction  band  is  also  measured  on  the  same 
samples  which  becomes  negatively  charged  after  capturing  an  electron.  An 
increase  in  the  density  of  the  shallow  trap  and  a higher  positive  charge 
generation  rate  at  the  deeper  trap  are  observed  in  samples  annealed  in 
nitrogen  at  800-1000C  which  are  oxygen  deficient  and  consistent  with  the 
bridging  oxygen  vacancy  model.  The  measured  shallow  (leV)  and  deep 
(7eV)  levels  are  in  good  agreement  with  the  theoretical  bound  state  energies 
for  the  bridging  oxygen  vacancy,  about  leV  for  the  neutral  shallow  bound 
state  and  7.8eV  for  the  positively  charged  deep  bound  state.  The  electron 
impact  emission  coefficient  of  trapped  electron  is  found  to  be 
a=3500cm"lexp(-33MVcm'l/EQx).  Electron  capture  at  the  deep  positive 
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trap,  Vq+  + e -*  Vq.  limits  the  buildup  of  positive  oxide  charge  during 
electron  impact.  The  electron  capture  cross  section  is  found  to  be 
proportional  to  Eq^"11  (n=2  to  4 and  Eq^=0.6  to  7.0MV/cm). 

Previous  studies  have  shown  that  electron  transport  in  SiO£  at  high 
electric  fields  generates  positive  oxide  charge[46-64]  known  as  "anomalous 
positive  charge."  This  phenomena  has  been  observed  in  both  metal  and 
poly-Si  gate  metal/oxide/semiconductor  capacitors(MOSC)[46].  It  is 
technologically  important  because  it  occurs  at  high  electric  fields  prior  to 
breakdown[65-67]  in  integrated-circuit  grade  oxides.  The  mechanism  of 
positive  charge  formation  is  not  well  understood  although  numerous  models 
have  been  proposed[47-55].  These  and  other  models  are  illustrated  in  the 
transition  energy  diagram[4]  in  Figure  5.1  such  as  transitions  (1),  (2),  (3), 

(4)  followed  by  (9),  (5)  followed  by  (11),  (6),  and  others.  It  has  been 
speculated  that  the  positive  charge  comes  from  holes  generated  by  energetic 
electrons[47-50].  These  holes  can  subsequently  be  trapped  in  the  bulk  oxide 
film  [transition  (11)  ],  trapped  near  the  SiC^/Si  interface  [transition  (9)],  or 
after  passing  through  the  oxide  continue  on  into  the  silicon  substrate  to  give 
the  hole  substrate  current.  Hole  generation  by  interband  electron  impact 
was  proposed  by  Klein  and  Solomon[47]  [transition  (5)].  Hole  injection  from 
the  anode  [transition  (4)]  via  surface  plasmon  was  proposed  by  Fischetti, 
Weinberg  and  Calise[48];  via  exciton  decay  proposed  by  Weinberg  and 
RubloffI49];  or  via  tunneling  injection  of  energetic  hole  created  by  the 
energetic  electron  proposed  by  Weinberg,  et.  al.  [50].  Doubts  were  raised  on 
hole  transport  from  the  gate  into  the  oxide  to  explain  the  substrate  hole 
current  observed  at  very  low  temperatures  (as  low  as  20K)[64]  because  hole 
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Fig.  5.1:  Transition  energy  diagram  illustrating  the  mechanisms  of 

positive  oxide  charge  generation  at  high  oxide  fields:  (1)  and  (2) 
trap-to-band  tunneling  emission  from  an  initially  neutral  oxide 
trap,  (3)  Emission  of  trapped  electron  by  electron  impact 
emission,  (4)  hole  injection  from  the  gate-conductor,  (5)  band- 
to-band  electron  impact  emission,  and  (6)  breaking  a hydrogen 
bond  in  the  oxide  with  the  released  hydrogen  migrating  away 
to  the  SiC^/Si  interface.  Transitions  (7)  through  (10)  are  the 
four  transitions  at  an  electron  trap:  (7)  electron  capture,  (8) 
electron  emission,  (9)  hole  capture,  and  (10)  hole  emission.  (11) 
through  (14)  are  analogue  transitions  for  a hole  trap.  After 
Chih-Tang  Sah,  Fundamentals  of  Solid-State  Electronics, 
World  Scientific  Publishing  Co.  1991  Figs.  684.1  and  684.2  on 
pages  675  and  677[4]. 
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transport  is  a thermally  activated  process  and  found  to  be  suppressed  at  low 
temperatures  by  Hughes[68].  Sah,  Sun  and  Tzou  have  shown  a large 
positive  oxide  charge  generation  in  wet  oxides  and  oxides  rinsed  by 
deionized  water  which  led  them  to  suggest  a chemical  reaction  involving 
hydrogen  near  the  SiC^/Si  interface[51-53]. 

It  is  possible  that  the  varied  conditions  of  positive  charge  generation 
previously  reported  were  related  to  the  many  possible  generation 
mechanisms  which  are  highly  dependent  on  the  sample  preparation  and 
stress  conditions.  The  experimental  data  in  the  literature  on  positive  oxide 
charge  generated  by  electrons  can  be  classified  into  two  types  by  their 
generation  cross  sections  whose  negative  midgap  gate  voltage  shifts,  AVj^q, 
versus  electron  fluence  are  shown  in  Figure  5.2.  Type  1 is  generated  at  low 
electron  fluence  (less  than  10^  electrons/cm^)[46,54,60,63,64].  Type  2 is 
generated  at  higher  electron  fluence  (-10^®  electrons/cm^)  and  after  initial 
electron  trapping  (an  increase  followed  by  decrease  in  AVjyj-Qj  [51- 

53.59.61.62] ,  Only  type  2 has  been  studied  extensively  in  the  literature[51- 

53.58.59.61.62] ,  shown  to  be  water  related[51,61],  and  related  to  positively 
charged  fast  donor  interface  state[51].  However,  cautions  must  be  taken 
when  interpreting  the  generation  cross-section  as  a unique  signature  to 
distinguish  the  traps  because  it  is  an  effective  cross-section  of  several 
generation,  injection,  emission,  transport,  reaction  and  capture  processes  in 
series,  rather  than  the  fundamental  definition  of  the  positive  oxide  charge 
generation  rate  divided  by  the  hole  flux.  Evidently,  the  use  of  the  electron 
flux  or  fluence  contributes  to  the  wide  spread  of  the  generation  cross  section 
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Fig.  5.2:  Midgap  voltage  shift,  AV^q,  versus  electron  fluence  showing 

the  positive  charge  formation  at  low  (type  1)  and  high  (type  2) 
electron  fluence.  The  curve  labeled  by  the  triangular  marker  is 
stressed  by  substrate  electron  injection  at  7.0MV/cm  oxide 
field.  The  curve  labeled  by  the  circular  marker  is  stressed  by 
avalanche  electron  injection  (AEI)  with  a peak  voltage  of  55V 
from  Hsu,  Pan  and  Sah[14], 
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observed  for  type  2[51]  since  if  the  mechanism  is  due  to  hole  capture,  then 
the  hole  flux  or  hole  fluence  should  be  used  to  compute  the  cross-section. 

In  this  chapter,  we  present  experimental  data  on  the  type  1 positive 
oxide  charge.  Six  possible  mechanisms  that  may  create  positive  oxide 
charge  are  labeled  as  (1),  (2),  (3),  (4),  (5),  and  (6)  in  Figure  5.1.  They  have 
different  electric  field,  temperature,  kinetic  energy  or  accelerating  voltage, 
and  electron  fluence  dependences.  To  delineate  the  mechanism  responsible 
for  type  1 positive  oxide  charge,  four  sets  of  experiments  are  performed:  (i) 
the  kinetics  of  positive  charge  generation  and  neutralization  of  the  positive 
traps  by  electron  capture,  (ii)  the  oxide  current  density,  temperature,  and 
gate  oxide  processing  dependences  of  positive  charge  generation,  (iii)  the 
location  of  the  positive  charge  through  centroid  measurements,  and  (iv)  the 
electron  threshold  energy  for  positive  charge  generation.  These  suggest  that 
the  type  1 positive  oxide  charge  arises  from  electron  impact  emission  of  a 
trapped  electron  from  an  initially  neutral  oxide  trap.  Since  the  impacting 
electron  flux  or  fluence,  measured  by  the  gate  current,  is  used  to  calculate 
the  cross-section,  the  experimental  impact  emission  cross-section  is  a 
fundamental  parameter.  Additional  experimental  evidence  supports  that 
the  positive  oxide  charge  arises  from  impact  ionizing  the  bridging  oxygen 
vacancy,  [(Si-0)g=Si*  • Si=(0-Si)g].  The  bridging  oxygen  vacancy  center  in 
SiC>2  was  recognized  to  be  an  important  intrinsic  defect  by  Sah[69]  in  1976 
and  by  R N.  Hall  in  1966.  As  discussed  recently  by  Sah  and  Hsu[14],  (i)  a 
higher  concentration  of  the  bridging  oxygen  vacancy  is  expected  in 
integrated  circuit  grade  oxide  exposed  to  an  oxygen  deficient  ambient  and 
(ii)  -1,  0,  +1,  and  +2  charge  states  of  the  defect  are  expected  to  exist.  The 
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experiments  to  be  presented  are  consistent  with  these  anticipations.  For 
example,  in  addition  to  the  observed  deep  (7eV)  +1  charge  state  in  our 
samples,  a shallow  (leV)  -1  charge  state  is  also  measured  after  electron 
capture  at  oxide  traps.  These  charge  states  (-1,0, +1)  and  energy  levels  (Eq  - 
leV)  and  (Eq  - 7eV)  are  consistent  with  that  of  the  bridging  oxygen 
vacancy[14].  Furthermore,  oxide  process  dependence  studies  show  that  the 
oxygen  deficient  oxides  have  a higher  density  of  shallow  oxide  traps  (-1 
charge  state)  and  a higher  density  of  positive  oxide  charge(+l  charge  state), 
consistent  with  the  bridging  oxygen  vacancy. 

5.2  Experimental  Method 
5.2-1  Sample  Preparation 

Polycrystalline  silicon-gate  bipolar-metal-oxide-semiconductor 
transistor(BiMOS)  test  structures[23]  were  fabricated  on  an  oxidized  (100) 
oriented  boron-implanted  p-well  on  a n'/n+  substrate.  The  gate  oxide  was 
thermally  grown  using  industrial  850C  dry/wet/dry,  900C  dry,  and  900C  dry 
(0.3%  trichloroethane)  processes.  Gate  oxide  thicknesses  of  86  to  281A  were 
used  in  this  study.  Immediately  following  the  gate  oxide  growth,  a 3500A 
thick  polycrystalline  silicon  film  for  the  gate  electrode  was  deposited  and 
doped  n-type  by  POCI3.  The  self-aligned  source  and  drain  junctions  were 
made  by  implanting  1.0  x lO^cm'^  60KeV  phosphorus  ions.  The 
implantation  damage  was  annealed  at  850C  for  30  minutes  and  subsequent 
high  temperature  steps.  A drive-in  diffusion  followed  at  900C  for  30 
minutes  in  dry  nitrogen.  The  final  high  temperature  processing  step  was  a 
post-oxidation  anneal  in  either  N2  or  O2  at  a high  temperature  (800-1000C) 
for  2 hours.  High  purity  VLSI-MOS  purity  aluminum  was  then  thermally 
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evaporated  and  then  patterned  to  form  the  ohmic  contact  to  the  n+  source 
and  drain  through  their  oxide  window  and  to  the  polycrystalline  silicon  gate. 
There  was  no  low-temperature  passivation  layer.  The  geometry  is  reentrant 
and  the  gate  area  is  0.00389cm^. 

5.2-2  Measurement  Setup 

Substrate  electron  injection  using  the  BiMOS  structure  allows 
independent  control  of  the  oxide  electric  field  and  the  oxide  electron  current 
density[23-12].  Details  of  the  experimental  setup  and  BiMOS  test  structure 
were  described  previously  [23,21].  The  gate  oxide  stress  condition  during  an 
experimental  run  is  determined  by  the  applied  oxide  voltage  (Vq^)  and  the 
substrate  injected  electron  fluence  (Njpq-j)  monitored  by  the  integrated  gate 
current  density.  The  stress  is  periodically  stopped  to  measure  the  gate 
capacitance  versus  gate  voltage  (Cq-Vq)  and  drain  current  versus  gate 
voltage  (ID-Vq)  curves  at  the  stress  temperature.  Under  the  stress 
conditions  used  in  these  experiments,  parallel  gate  voltage  shifts  of  the  Cq- 
Vq  curves  and  also  Ij)-Vq  curves  were  observed  which  indicated  negligible 
generation  of  new  interface  states.  The  gate  voltage  shifts  of  the  Iq-Vq  and 
Cq-Vq  curves  were  also  identical  indicating  areally  uniform  oxide  charge 
generation  because  the  Ij)-Vq  curve  is  sensitive  to  oxide  charge  located  near 
the  source  while  the  Cq-Vq  curve  is  sensitive  to  oxide  charge  along  the 
entire  surface  channel  between  the  source  and  drain.  From  the  Cq-Vq 
characteristics,  the  initial  oxide  charge  density  is  less  that  10 ^cm'^  and 
the  initial  interface  trap  density  between  flatband  (Vg=0)  and  inversion 
(Vg=24>p)  is  lO^cm‘2. 
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5.3  Results 

5.3-1  Positive  Oxide  Charge  Generation  and  Neutralization  by  Electron 
Capture 

In  this  section,  we  show  that  the  positive  charged  oxide  defect  is  an 
electron  trap  and  can  be  neutralized  by  capturing  an  electron  from  the  oxide 
conduction  band.  The  neutralized  oxide  trap  will  remain  neutral  unlike  the 
previously  reported  positive  fast  donor  Si/SiC>2  interface  states  (type  2 
positive  charge)  whose  charge  state  will  change  with  the  silicon  Fermi  level 
or  the  gate  voltage  during  a measurement  of  the  Cq-Vq.  curve.  Positive 
oxide  charge  in  these  samples  were  generated  during  (i)  Fowler-Nordheim 
electron  tunneling  from  the  silicon  gate  or  substrate  and  (ii)  BiMOS 
substrate  electron  injection  at  high  oxide  fields.  Regardless  of  the 
generation  processes,  these  generated  positive  charges  are  completely 
neutralized  by  electrons  injected  into  the  oxide  conduction  band  from  the 
crystalline  silicon  substrate  at  low  oxide  fields,  sufficiently  low  so  that  more 
positive  oxide  charges  are  not  generated.  The  measured  electron  capture 
cross  section  is  observed  to  depend  only  on  the  oxide  electric  field  and  not  on 
the  substrate  accelerating  voltage  (collector-base  reverse  bias  voltage).  Such 
an  independence  on  the  accelerating  voltage  or  initial  kinetic  energy  of  the 
injected  electrons  is  expected  if  the  positive  oxide  traps  are  located  farther 
than  several  electron  scattering  lengths  from  the  interface.  Centroid 
measurements  in  the  next  section,  Section  5.3-4,  support  this  anticipation. 

In  this  section,  5.3-1,  we  use  a two-part  stress  cycle  to  measure  the 
oxide  field  dependence  of  the  electron  capture  cross  section.  It  consists  of  (i) 
tunneling  a low  electron  fluence  from  the  poly-Si  gate  at  high  oxide  field 
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(-8.5  to  -8.0MV/cm)  to  generate,  create,  or  form  the  positive  oxide  traps, 
followed  by  (ii)  substrate  electron  injection  at  lower  field  (0.5  to  5.0MV/cm) 
to  neutralize  the  positive  oxide  traps. 

During  low  oxide  electron  fluence  (less  than  10'^C/cm2  or 
10  electrons/cnri)  at  high  oxide  electric  fields  (greater  than  5MV/cm),  a 
negative  parallel  shift  of  the  Cq-Vq  and  I])-Vq  curves  is  observed 
indicating  areally  uniform  generation  of  positive  oxide  traps  by  the  injected 
electrons.  Figures  5.3  and  5.4  show  a negative  parallel  shift  of  the  Cq-Vq 
and  Iq-Vq  curves  from  the  original  unstressed  case,  curve-0,  after 
1.7xl0^electron/cm2  are  tunnel  injected  into  the  oxide  at  Eq^  = 

— 8.5MV/cm  from  the  gate  in  the  210A  (900C)  dry  oxide.  Subsequent 
substrate  electron  injection  at  low  oxide  field  (1.25MV/cm)  results  in  a 
positive  parallel  shift  of  the  curves  from  curve- 1 to  curve-2  (after 
9.4xl0^electron/cm2)  and  to  curve-3  (after  8.8xl0^electron/cm2)  which  is 
back  to  the  initial  position  or  curve-0.  This  confirms  the  capture  of 
electrons  at  the  positive  oxide  traps.  During  the  low-field  electron  capture 
at  the  positive  oxide  traps,  negligible  oxide  charging  due  to  electron  capture 
at  existing  neutral  oxide  traps  is  observed  in  this  fluence  range  because  the 
electron  capture  cross  section  of  the  neutral  oxide  traps  is  several  orders  of 
magnitude  smaller  ( lO'-^cm'2  [23])  than  that  of  the  positive  oxide  traps 

1 r o 

(-10'  '-’cm-'6).  Further  electron  injection  into  the  oxide  at  low  oxide  field 
produces  a small  positive  parallel  shift  in  the  Cq-Vq  curve,  0.05V  after 
1x10  cm  electron  fluence  which  is  probably  due  to  electron  charging  of 
existing  and  newly  generated  neutral  electron  traps.  Generation  of 
interface  traps  is  small  during  the  two-part  stress  experiment  as 
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Fig.  5.3:  Cq-Vq  curves  f°r  two-part  stress  cycle  on  210A  dry(900C)  and 

0.3%  TCE  oxide  annealed  for  2hr.  at  950C:  initial  curves 
(triangle),  (i)  after  low  fluence  at  high  oxide  field  positive 
charge  generation  (circle)  followed  by  (ii)  substrate  electron 
injection  at  low  field  (square  and  diamond).  Substrate  injection 
stress  conditions:  oxide  current,  JqX=  0.03gA/cm,  collector  base 
reverse  bias  accelerating  potential,  V/~itj=3.5V,  and  oxide  field 
Eox=1.25MV/cm. 
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Fig.  5.4:  -^D^G  curves  for  two-part  stress  cycle  on  210A  dry(900C)  and 

0.3%  TCE  oxide  annealed  2hr.  at  950C:  initial  curves  (triangle) 
(i)  after  low  fluence  at  high  oxide  field  positive  charge 
generation  (circle)  followed  by  (ii)  substrate  electron  injection 
at  low  field  (square  and  diamond).  Substrate  injection  stress 
conditions:  oxide  current,  jQ^=0.03gA/cm,  collector  base 
reverse  bias  accelerating  potential,  VpR=3.5V,  and  oxide  field, 
EOX=l-25MV/cm. 
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demonstrated  by  the  very  small  distortion  in  the  Cq-Vq  curve.  This  two- 
part  stress  cycle  has  been  repeated  5 times  on  the  same  device  and  is  found 
to  be  completely  reversible  with  negligible  distortion  in  the  Cq-Vq  curve. 
Figure  5.5  shows  the  shift  in  the  Cq-Vq  curve  from  repeating  the  the  two- 
part  stress  experiment  on  the  device  previously  stressed  in  Figure  5.3. 
Figures  5.5  and  5.3  are  essentially  identical,  demonstrating  complete 
reversibility  of  charging-discharging  or  ionization-neutralization  of  the  oxide 
traps. 

The  field  dependent  electron  capture  cross  section  at  the  positive 
charged  oxide  trap  is  measured  by  repeating  the  low-field  electron  injection 
at  several  low  oxide  fields.  The  positive  oxide  traps  were  generated  during 
part  one  of  the  stress  (-8.0MV/cm  oxide  field  and  2.9x10  cm  tunnel 
electrons  from  the  gate).  Figure  5.6  shows  the  gate  voltage  shift  of  the  Ij)- 
Vq  curve  during  the  second  part  (low  field  electron  injection)  of  the  stress 
cycle  versus  electron  fluence  for  oxide  fields  between  0.6  to  1.6MV/cm.  This 
shift  is  due  to  the  low-field  electron  capture  at  the  positive  oxide  trap.  The 
gate  voltage  is  monitored  at  1 g A drain  current  and  0.  IV  drain-to-source 
voltage.  The  gate  voltage  shift  is  measured  from  the  start  of  the  low-field 
electron  injection.  Therefore,  it  gives  the  density  of  electrons  captured  at 
the  positive  oxide  traps.  These  defects  were  previously  ionized  positively  by 
a low  electron  fluence  during  the  high-field  stress  at  -8.0MV/cm.  The  gate 
voltage  shift  versus  fluence  curves  are  least-squares  fitted  to 
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Cq-Vq  curve  for  the  same  two  step  stress  cycle  repeated  on  the 
same  device  in  Figure  5.3,  indicating  complete  reversibility 
(coincidence  of  curves  0 and  3)  and  negligible  new  trap 
generation. 
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Fig.  5.6:  Gate  voltage  shift  versus  electron  fluence  due  to  electron 

capture  at  positively  charged  defects  generated  in  2 hr.  950C 
N2  annealed  210A  dry(900C)  and  0.3%  TCE  oxide.  The 
positively  charged  defects  are  generated  by  tunneling  electrons 
from  the  gate  at  -8.0MV/cm  for  lOsec  to  a 2.9xl0^cm'^ 
electron  fluence.  Next,  the  gate  voltage  versus  substrate 
electron  injection  is  measured  at  oxide  field  between  0.5  to 
1.6  MV/cm. 
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where  <7^  is  the  thermal  electron  capture  cross  section.  The  least-squares-fit 
equations  are  plotted  as  the  solid  lines  in  Figure  5.7.  The  root-mean-square 
error  in  the  capture  cross  section  is  less  than  four  percent  as  indicated  in  the 
table  in  Figure  5.7.  Figure  5.8  gives  the  oxide  electric  field  dependence  of 
(7^.  It  shows  a strong  dependence  above  0.6MV/cm,  proportional  to  Eqx'11 
where  n ranges  from  2 to  4 for  oxide  fields  between  0.6  to  7.0MV/cm.  Ning 
observed  a similar  Eqx  dependence  for  a fabrication-process  induced 
positive  electron  trap  in  the  oxide  field  range  of  0.5  to  3.0MV/cm[70]. 

5.3-2  Oxide  Current  Density  Dependence  of  Positive  Oxide  Charge  Creation 
In  this  section,  we  show  that  the  positive  oxide  charge  creation  rate  is 
proportional  to  Jqx  steady-state  density  is  independent  of  Jqx-  The 

positive  charge  creation  rate  is  observed  to  approach  zero,  dn+Qrp/dt=0,  after 
the  electron  fluence  exceeds  about  (<7^)'^.  This  is  due  to  the  steady-state 
balance  between  the  neutralization  of  positive  traps  by  electron  capture  and 
ionization  of  the  neutralized  traps  by  the  proposed  impact  ionization 
mechanism.  This  steady-state  suggests  that  the  neutralization  and 
ionization  rates  are  proportional  to  the  oxide  electron  current  density.  The 
positive  charge  creation  rate  via  trap-to-band  impact  emission  [transition  (3) 
in  Figure  5.1],  band-to-band  impact  generation  [transition  (5)],  and  hole 
injection  from  the  anode  [transition  (4)]  are  all  proportional  to  the  oxide 
current  density,  JqX’  trap-to-band  tunneling  emissions,  [transitions 
(1)  and  (2)],  are  independent  of  Jqx- 

Figures  5.9  and  5.10  plot  AVQCQx/q  versus  time  and  electron  fluence, 
respectively,  for  two  values  of  oxide  current  density  obtained  on  previously 


[AVg(oo)  - AVG(t)]  /(IV) 


103 


10 


-1 


T I I I 


one  exponential 
least- squares  fit 
A[1  - exp(  NINJCTn' ) ] 


'I  I I I 

Eox 

/MVcm'1 


3.8  ±0.15 
3.710.15 

3.2  ± 0.09 
2.7  ± 0.08 
2.1  ± 0.05 

1.710.03- 

1.410.03 

1.010.02 
0.710.02 


0.1  0.2  0.3  0.4 

N inj  /(I  x 1014  cm-2) 


Fig.  5.7:  One-exponential  least-squares-fit  (LSF),  A[l-exp(N-rvr  ycr^ )].  to 

data  in  Figure  5.6. 
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Fig.  5.8: 


Electron  capture  cross  section  from  LSF  in  Fig.  5.7  versus  oxide 
field. 
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Fig.  5.9:  Gate  voltage  shift  due  to  electron  generated  positive  oxide 

charge  versus  stress  time  at  oxide  current  density,  Jqx> 
between  0 to  1.54gA/cm^.  [210A  dry(900C)  and  0.3%  TCE 
oxide  and  2 hr.  950C  N2  anneal]. 
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Fig.  5.10:  Gate  voltage  shift  due  versus  electron  fluence  at  oxide  current 

density,  Jqx>  between  0 to  1.54gA/cm^.  [ 210A  dry(900C)  and 
0.3%  TCE  oxide  and  2 hr.  950C  N2  anneal). 
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unstressed  samples.  The  gate  voltage  shift  is  related  to  the  density  of 
positive  oxide  traps  by 

AnOT+  = “ <XOX/XOT)  <COX/c1)AVG  (5.2) 

where  Xq^  is  the  centroid  for  the  positive  oxide  traps  measured  from  the 
gate,  Xqx  the  oxide  thickness,  and  Cq^  is  the  oxide  capacitance.  Figure  5.9 
shows  that  the  positive  charge  generation  rate  is  higher  at  the  higher  oxide 
current  density  which  is  consistent  with  hole  injection  from  the  anode,  (4) 
followed  by  (9)  in  Fig.  5.1;  trap-to-band  impact  emission,  (3);  and  band-to- 
band  impact  generation,  (5)  followed  by  (11);  but  is  inconsistent  with  the 
trap-to-band  tunneling  emission  mechanism,  (1)  and  (2).  The  gate  voltage 
shift  versus  fluence  in  Fig.  5.10  is  observed  to  be  independent  on  the  oxide 
current  density. 

In  Fig.  5.10,  the  positive  charge  creation  rate  approaches  zero, 
dn+QrjVdt=0,  after  about  lO^cm"2  electron  fluence  independent  of  the  oxide 
current  density.  This  is  attributed  to  the  identical  (proportional)  gate- 
current-density  (Jqx^  dependence  of  the  neutralization  rate  of  positive  traps 
by  electron  capture  and  ionization  rate  of  the  neutralized  traps  by  the 
proposed  generation  mechanism. 

The  kinetic  equation  governing  positive  charge  formation  due  to  trap- 
to-band  electron  impact  emission  is 


dnQT+(t)/dt  = (Jox/q)  [ (e£/0n)nOT(t)  -dJn0T+(t)]  (5.3) 
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where  nOT  ^cm"  ' is  the  areal  density  of  positive  oxide  traps  as  measured 
by  the  gate  voltage  shift.  e“(cm^/s)  is  the  electron  impact  emission 
coefficient  of  trapped  electrons,  nQT(t)(cm'2)  is  the  density  of  trapped 
electrons  or  neutral  oxide  traps,  and  jQ^(A/cm2)  is  the  oxide  current.  The 
electron  thermal  and  scatter-limited  drift  velocities  are  assumed  equal  and 
constant,  denoted  by  On.  The  total  trap  density,  Nq^,  is  equal  to 

Nqt  = nOT  nOT  (5.4) 

and  is  assumed  constant  although  prolonged  experiments  at  high  fields  may 
create  new  oxide  traps  which  increase  Nq^.  Experiments  in  Section  3.3-5 
show  that  Nq-p  » nQpi+  so  nQrp  = Nq^.  In  Eq.  (5.3),  note  that  the 
ionization  rate  or  reciprocal  time  constant  due  to  impact  generation  is 
proportional  to  the  oxide  current  density,  J q^,  which  is  consistent  with  the 
data  in  Figure  5.10.  Positive  charge  formation  due  to  hole  injection  from  the 
anode  and  subsequent  hole  capture,  (4)  in  Figure  5.1,  is  governed  by  a 
similar  first  order  kinetic  equation  where  the  coefficient  for  the  ionization 
term  is  due  to  hole  capture  and  the  hole  density  is  also  proportional  to  JqX1 

The  kinetic  equation  for  positive  oxide  charge  resulting  from  trap-to- 
band  tunneling  emission  from  neutral  traps,  transitions  1 and  2 in  Figure 
5.1,  is 


dnQT+(t)/dt  = WnnQT(t)  - (J0X/cl>cr£nOT+<t>  (5.5) 

where  a>n  is  the  trap-to-band  tunneling  emission  rate.  Thus,  (i)  the  positive 
charge  creation  rate,  wnnQrp,  is  independent  of  JqX’  anc^  the  magnitude 
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of  the  saturated  gate  voltage  shift  should  decrease  as  Jqx rather  than 
independent  of  Jqx  as  indicated  by  Figure  5.10. 

The  kinetics  of  positive  charge  formation  due  to  hydrogen  released 
from  the  gate  contains  hydrogen  bond  breaking  at  the  gate,  hydrogen 
diffusion  in  the  SiC^,  and  the  hydrogenation-dehydrogenation  reaction  at 
the  defects  or  proton  traps.  The  kinetics  proposed  for  the  type  2 positive 
charge  is  second  order[51,53]  rather  than  the  first  order  observed  here.  For 
the  band-to-band  or  interband  impact  emission,  transition  5 in  Figure  5.1, 
the  electron  threshold  energy  is  greater  than  the  SiC>2  energy  gap  (~9eV). 
The  threshold  energy  is  measured  in  Section  3.3-5  and  found  to  be  smaller 
than  the  SiC>2  energy  gap.  Thus,  these  two  models  will  not  be  considered 
here  since  they  are  inconsistent  with  our  experiments. 

Eq.  (5.3)  describes  the  impact  generation  process  (or  hole  injection 
from  the  anode  with  appropriately  modified  coefficients).  Its  solution  is 
given  by 

nQT+(t)  = Nqt  [ 1 + O-t(0n/e£)  ]-1  (1  - e"t/T)  (5.6) 

where  1/r  = (JQX/q)  <e£/0n) [ 1 + °n  <<Ve£>  1 (5.7) 

The  steady-state  shift  is  given  by 

AnOT+  = nOT+<°°>  = N0T  / t 1 +(^n°n/eS)  1 (5.8) 

The  steady-state  shift  is  independent  of  the  oxide  current  density  which  is 
consistent  with  the  measured  data  in  Figures  5.9  and  5.10. 

Equations  (5.7)  and  (5.8)  give  the  following  general  results  on  the  time 


constant,  r. 
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ANot+  • T 1= (Jox/q) (e^/0n) N0T=dn+0T (t=0) /dt  (5.9) 

and 

^OX^n  / '-I  = (1  - ANq^,  / ) • T . (5.10) 

If  eJJ  « which  *s  valid  at  low  and  moderate  electric  field,  then  (9) 

shows  ANq'p+  « Nqt  and  (10)  becomes 
JOX^(Tn//cl) 

T X = 

(1  - anot+/not) 

Thus,  the  time  constant  will  give  the  capture  cross-section  of  the  positive 
oxide  trap.  In  the  next  section,  cr ^ is  measured  versus  Eq^  from  the  time 
constant  derived  from  the  initial  slope,  (9),  using  the  measured  ANQrp+.  It 
is  found  to  be  in  excellent  agreement  with  the  electron  capture  cross-section 
by  the  positive  traps  shown  in  Figure  5.8.  This  consistency  provides  further 
confidence  in  the  proposed  impact  emission  model. 

5.3-3  Temperature  Dependence  of  Positive  Oxide  Charge  Formation 

The  temperature  dependence  of  the  positive  charge  creation  rate  can 
be  used  to  determine  if  the  creation  mechanism  is  thermally  activated 
[transition  (6)].  The  creation  of  the  type  2 positive  charge  was  previously 
reported  to  be  strongly  dependent  on  temperature  and  suppressed  at  higher 
temperatures[61].  Figures  5.11  and  5.12  plot  AVqCqx/q  versus  electron 
fluence  at  294K  and  77K  and  oxide  fields  between  4-7MV/cm.  The  positive 
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Fig.  5.11:  Gate  voltage  shift  due  to  electron  generated  positive  oxide 

charge  versus  electron  fluence  at  oxide  fields  between  4 to 
7 MV/cm  and  T=294K.  (2  hr.  950C  N2  anneal  210A  dry(900C) 
and  0.3%  TCE  oxide). 


(Cox/cO^Wq  / (1012cm 


112 


Fig.  5.12: 


Gate  voltage  shift  due  to  electron  generated  positive  oxide 
charge  versus  electron  fluence  at  oxide  fields  between  4 to 


7MV/cm  and  T=77K.  (2  hr.  950C  N2  anneal  210A  dry(900C) 
and  0.3%  TCE  oxide). 
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charge  generation  is  identical  at  77  and  294K.  Therefore,  the  generation 
process  for  this  type  1 positive  charge  is  not  thermally  activated  in  the 
temperature  range  from  77  to  294K  in  contrast  to  the  previously  reported 
large  temperature  dependence  of  type  2. 

The  data  in  Figure  5.11  are  least-squares  fitted  to  the  one  exponential 
given  in  Eq.  (5.6)  to  obtain  r.  The  capture  cross  section  is  obtained  from  the 
time  constant  using  Eq.  (5.11).  The  values  for  shown  in  Figure  5.11  are 
nearly  identical  to  the  values  measured  independently  in  Figure  5.8.  The 
agreement  of  er^  obtained  in  the  electron  capture  or  positive  oxide  charge 
neutralization  measurements  (Figure  5.8)  and  positive  oxide  charge 
generation  measurements  (Figure  5.11)  indicates  that  neutralization  of 
positive  oxide  traps  by  electron  capture  limits  the  buildup  of  net  positive 
charge  to  a steady-state  value  after  an  electron  fluence  of  approximately 

(^r1. 

The  least-squares-fit  values  of  the  pre-exponential  factor  obtained  from 
fitting  the  data  in  Figs.  5.11  and  5.12  to  Eq.  (5.6)  are  used  to  obtain  e^  at  77 
and  294K  versus  oxide  field.  The  values  are  shown  in  Figure  5.13.  An 
impact  emission  coefficient  can  also  be  defined  in  analogy  to  the  interband 
case[4], 

“ <*£/«„>  <»WXOX>  <5-12> 

From  the  values  of  eJJ  in  Figure  5.13,  is  calculated  and  shown  in  Figure 
5.13.  This  gives  an=3500cm"^exp(-33/EQ^)  where  EQ^-(MV/cm).  Nqj  is 
taken  to  be  10  cm'z  (measured  in  Sec.  3.3-6).  Our  measured  values  for 
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Fig.  5.13:  Measured  trap-to-band  impact  emission  coefficient  obtained 

from  Figure  5.5. 
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an’  n0T+  an<^  °n  are  nearly  identical  to  the  measured  values  at 

294K,  indicating  that  the  type  1 positive  charge  generation  mechanism  is 
not  thermally  activated. 

Weinberg,  Fischetti  and  Nissan-Cohen[46,64]  measured  a temperature 
independent  (20  to  294K)  time  constant,  r,  for  the  steady-state  Si02 
induced  hole  substrate  current  given  by  i=q/(jQ^cr^)  which  agrees  with  our 
measured  time  to  reach  steady-state  for  the  creation-neutralization  of 
positive  oxide  charge  and  our  measured  values  of  cr^  (Figs.  5.8  and  11). 

Both  positive  charge  creation-neutralization  and  the  hole  substrate  current 
are  observed  to  reach  a steady-state  plateau  value  after  an  electron  fluence 
of  approximately  hTjjqj=l/<7^  independent  of  the  oxide  current  density.  A 
steady-state  plateau  was  observed  after  Njjqj  > (er^)'1  independent  of  the 
oxide  current  density  between  15nA/cm2  to  150pA/cm2  in  this  work. 
Weinberg  measured  the  electron  fluence  needed  to  reach  a steady-state  hole 
substrate  current  and  found  no  dependence  on  the  fluence  for  gate  current 
densities  between  ImA/cm2  to  lA/cm2. 

Since  the  hole  substrate  current  and  positive  oxide  charge  are  observed 
to  have  the  same  time  and  fluence  dependence  over  10  orders  of  magnitude 
of  oxide  current  density,  and  the  same  temperature  independence,  they  are 
most  likely  related  to  the  same  mechanism,  i.e.  electron  impact  emission 
proposed  here  (see  below).  Weinberg[64]  noted  that  the  temperature 
independent  substrate  current  observed  at  20K  was  inconsistent  with  the 
data  by  Hughes[68]  on  hole  transport  in  Si02-  Therefore,  the  Si02 
substrate  current  at  20K  cannot  be  due  to  band-to-band  impact  generation 
or  hole  injection  from  the  anode.  The  data  in  Figure  5.12  alone  cannot  rule 
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out  hole  transport  since  at  77K  and  high  oxide  fields,  the  hole  transit  time 
from  the  gate  to  the  Si02  interface  in  thin  oxides  is  relatively  short  ( = 1ms) 
[68],  One  model  to  explain  both  the  Si02  induced  substrate  current  and 
positive  oxide  charge  is  the  proposed  trap-to-band  electron  impact  emission. 
Impact  emission  creates  positive  traps  in  the  Si02  bulk  and  near  the 
Si02/Si  interface.  The  hole  substrate  current  could  result  from  silicon 
valance  electrons  tunneling  to  positive  traps  near  the  interface. 

5.3-4  Centroid  for  the  Positive  Oxide  Traps 

To  measure  the  centroid  for  the  positive  oxide  traps,  the  technique 
used  by  Nissan-Cohen,  Shappir  and  Frohman-Bentchkowsky  is 
employed[60]  which  monitors  the  shifts  in  the  gate  voltage  under  negative 
(Vq")  and  positive  (Vq+)  stress  at  constant  Fowler -Nordheim  tunneling  gate 
current,  Iq,  and  the  shift  in  the  flatband  voltage  (Vjrg).  The  centroid 
measured  from  the  poly-Si  gate/Si02  interface  is  obtained  from 

X0t  = xox  AVG+/(AVG+  + AVg">  (5.13) 

This  technique  is  similar  to  the  positive  and  negative  photo  I-V 
technique[71,72]  since  it  measures  the  change  in  the  electric  field  at  both 
interfaces  due  to  the  trapped  oxide  charge.  The  technique  has  several 
limitations[72]:  (i)  the  electron  fluence  during  the  measurement  may 
perturb  the  oxide  charge  and  (ii)  the  trapped  charge  located  within  the 
tunneling  barrier  does  not  produce  a shift  in  Vq+  and  Vq'  equal  to  AVq+  = 

- (qnOT+xOT/£OX)- 
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The  first  limitation  on  centroid  measurements  is  not  significant  if  the 
electron  fluence  during  the  Iq-Vq  measurement  is  much  less  than  the 
electron  fluence  generating  the  positive  charge.  In  our  experiments  the 

O 

electron  fluence  during  the  Iq'^G  measurement  was  restricted  to  10  times 
the  electron  fluence  during  a stress  cycle  and  had  only  a small  effect  on  the 
positive  charge  generated  during  substrate  electron  injection  at  6-8MV/cm 
oxide  electric  field:  less  than  two  percent  change  in  the  flatband  voltage 
shift  after  the  measurement  of  several  Iq-Vq  curves  between  stress  cycles. 

The  second  limitation  occurs  because  oxide  charge  (qnQrp+)  located 
within  the  tunneling  barrier  does  not  produce  a shift  in  Vq+  equal  to  (— 
qnQT+Xorr/£OX)-  For  example>  charge  located  at  the  gate/SiC^  and 
SiC^/Si  interface  does  not  alter  the  tunneling  barrier  and  hence  does  not 
cause  a shift  in  Vq'  and  Vq+,  respectively.  The  second  limitation  requires 
the  use  of  AVpg  rather  than  AVq.+  in  Eq.  (5.13)  to  determine  the  centroid 
when  charge  is  located  within  the  tunneling  barrier  of  the  SiC^/Si  interface. 
When  charge  is  located  within  the  tunneling  distance  of  the  poly-Si 
gate/SiC>2  interface,  Eq.  (5.13)  is  not  valid. 

Figures  5.14  and  5.15  plot  AVq‘,  AVq+,  and  AVjrg  versus  fluence 
during  (i)  substrate  electron  injection  at  7.0MV/cm  oxide  field  and  (ii) 
Fowler-Nordheim  electron  tunneling  from  the  gate  at  -8.0MV/cm  oxide  field. 

O 

The  positive  and  negative  gate  voltage  shifts  are  defined  at  2.5nA/cm  gate 
current  density.  Consistent  with  the  data  by  Nissan-Cohen  and  co-workers, 
approximately  the  same  magnitude  shift  in  AVpg  and  AVq+  is  observed 
indicating  the  positive  charge  is  not  located  within  the  tunneling  barrier  at 
the  SiC^/Si  interface.  The  finite  slope  of  the  AVq.'  curve  when  Njjqj  > 
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Fig.  5.14:  AVq",  AVq+,  and  AVpg  due  to  electron  generated  positive 

oxide  charge  during  substrate  electron  injection  at 
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Fig.  5.15:  AVq*,  AVq.+,  and  AV-pg  -8.0MV/cm  Fowler-Nordheim 

tunneling  injection  from  the  gate. 
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lxlO^cm'2  in  Figure  5.15  is  indicative  of  the  generation  of  neutral  electron 
traps  which  are  subsequently  charged  by  capturing  an  electron[58,23,73]. 
The  oxide  electric  Field  dependent  neutral  trap  generation  is  difficult  to 
minimize  during  electron  injection  from  the  gate  (as  compared  to  injection 
from  the  substrate)  since  the  electron  current  density  cannot  be  controlled 
independently  from  the  oxide  field.  The  electron  injection  from  the  gate  is  at 
a higher  oxide  field  than  injection  from  the  substrate.  Approximately  20% 
of  AVg'  at  NINj=1016cm‘2  is  due  to  the  charging  of  newly  generated 
neutral  traps.  In  determining  the  centroid  for  the  positive  oxide  traps 
versus  fluence  during  tunneling  from  the  gate,  the  linear  generation  term  is 
subtracted  from  AVq.~  which  gives  the  thin  solid  line  in  Fig.  5.15.  Figure 
5.16  shows  the  centroid  versus  fluence  due  to  electron  injection  from  the 
gate  in  the  193A  oxide  (square  marker)  and  electron  injection  from  the 
substrate  in  the  146A  oxide  (*  marker).  They  were  obtained  from  Figures 
5.14  and  5.15  using  Eq.  (5.13).  As  seen  from  Fig.  5.16,  the  centroid  is 
located  in  the  bulk  of  the  oxide  film  (i)  110A  (in  the  193A  oxide)  from  the 
SiC^/Si  interface  during  substrate  electron  injection  and  (ii)  50A  (in  the 
146A  oxide)  from  the  SiC^/Si  interface  during  gate  electron  tunneling 
injection.  Figure  5.16  also  shows  the  centroid  of  the  positive  charge 
generated  during  substrate  electron  injection  at  7.0MV/cm  oxide  field  in 
146-281A  oxides.  For  these  oxide  thicknesses,  the  measured  centroid  is  90 
to  150A  from  the  Si(>2  interface.  Figure  5.17  plots  the  centroid  in  the  193A 
oxide  versus  substrate  injected  electron  fluence  at  oxide  electric  fields 
between  6-8MV/cm.  The  centroid  for  the  positive  charge  is  observed  to  be  in 
the  bulk  oxide  film  and  moves  closer  to  the  cathode  (SiC^/Si  interface)  at 
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Fig.  5.16: 


Measured  centroid  for  electron  generated  positive  oxide  charge 
in  146  to  281A  dry(900C)  oxides  (2  hr.  950C  N2  anneal). 
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higher  oxide  fields,  approaching  90A  from  the  SiC^/Si  interface  at 
Eox=+80MV/cm. 

It  is  difficult  to  account  for  the  centroid  data  by  a model  involving  hole 
injection  from  the  anode.  Holes  have  been  observed  to  be  relatively  mobile 
in  SiC>2  especially  at  higher  temperatures  (-294K)  and  higher  oxide  field  ( < 
4 MV/cm  )[68].  The  experimental  data  on  hole  transport  in  SiC>2  has  been 
recently  reviewed  and  interpreted  by  Sah  et  al.[74].  Previous  studies[75,76] 
on  radiation  generated  holes  in  Si02  indicated  a fraction  of  the  holes 
passing  through  the  oxide  are  trapped  near  the  Si02  interface  where  the 
hole  trap  centroid  is  expected.  For  vacuum  ultraviolet  electron-hole 
generation  near  the  gate  anode,  the  measured  centroid  of  the  trapped  holes 
was  oxide  field  independent  and  nearer  the  SiC^/Si  interface[75,76].  For 
the  process  of  hole  injection  from  the  anode  during  the  electron  stress  at 
high  oxide  fields,  a similar  field  independent  centroid  would  be  expected. 
Furthermore,  the  positive  charge  in  this  work  is  observed  to  be  located 
outside  the  tunneling  barrier.  Only  processes  in  which  the  hot  electron 
directly  creates  the  positive  oxide  traps  (such  as  trap-to-band  impact 
emission)  preclude  the  formation  of  the  positive  charge  near  the  cathode 
since  electrons  within  this  region  have  kinetic  energy  below  the  impact- 
emission  threshold  energy. 

The  measured  trend  of  the  centroid  moving  towards  the  anode  in 
thicker  oxides  and  at  lower  oxide  fields  is  consistent  with  the  threshold 
kinetic  energy  that  must  be  gained  by  the  electron  in  order  to  impact  emit  a 
trapped  electron.  An  energy  and  spatial  distribution  of  initial  neutral  traps 
with  a centroid  80  to  90A  from  the  SiC^/Si  interface  has  been  previously 
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measured  by  us  on  these  samples[77],  The  atomic  origin  of  the  traps  will  be 
discussed  in  Section  3.3-6.  During  electron  injection  from  the  substrate,  the 
measured  centroid  in  Figures  5.16  and  5.17  approaches  90A  as  the  oxide 
thickness  decreases  from  281  to  146A  and  approaches  90A  as  the  oxide  field 
increases  from  6 to  8MV/cm.  This  data  is  consistent  with  impact  emission 
of  trapped  electrons  from  the  spatial  distribution  of  initially  neutral  traps 
with  a centroid  80  to  90A  from  the  SiC>2  interface. 

Other  researchers[60,78]  have  observed  (i)  positively  charged  defects  in 
the  bulk  oxide  film  as  opposed  to  at  the  gate/Si02  and  Si02/Si  interfaces 
and  (ii)  the  centroid  of  the  positively  charged  defects  moving  closer  to  the 
cathode  with  increasing  oxide  field.  Shatzkes  and  AvRon  explained  their 
measured  field  dependent  centroid  using  the  DiStefani  and  Shatzkes  model 
in  which  the  bulk  positive  charge  comes  from  immobile  band-to-band 
generated  holes[78].  Since  the  holes  in  their  model  are  immobile,  which 
they  note  is  inconsistent  with  experimental  data[68],  the  calculated  centroid 
would  be  closer  to  the  cathode  at  higher  oxide  field  because  the  electrons 
need  to  travel  a smaller  distance  from  the  cathode  to  reach  the  threshold 
kinetic  energy  for  band-to-band  impact  emission.  Their  centroid  data  can 
also  be  explained  by  impact  ionization  of  a defect.  The  interband  impact 
model  requires  a large  threshold  energy  [ > EQfSiC^)  - 9eV],  while  the 
impact  detrapping  model  has  a smaller  threshold  energy,  [ < E^SiC^)]. 

The  latter  agrees  with  data  in  the  following  section. 

5.3-5  Threshold  Voltage  for  Positive  Charge  Generation 

The  approximate  threshold  voltage  for  the  electron  generated  positive 
charge  can  be  obtained  from  the  oxide  thickness  dependence  of  the  positive 
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charge  generation.  Previously,  electron  generated  positive  oxide  charge  was 
observed  to  be  suppressed  in  thin  oxides  (~60A)[48].  Figure  5.18  plots  the 
normalized  gate  voltage  shift  versus  electron  fluence  in  86  to  281A  oxides 
stressed  at  7.0MV/cm  oxide  field.  Figure  5.19  plots  the  normalized  steady- 
state  gate  voltage  shift  after  Njj^j=1.0xl0^^cm'^  versus  the  oxide  voltage 
drop  for  the  86-281A  oxides  stressed  in  Figure  5.18.  The  steady-state 
density  of  electron  generated  positive  oxide  traps  is  observed  to  increase 
with  increasing  oxide  thickness.  In  Figure  5.19,  a 7V  threshold  for  the 
positive  charge  generation  is  observed  which  is  similar  to  the  7-8 V threshold 
observed  by  Fischetti[48].  However,  the  positively  charged  defects  observed 
by  Fischetti  are  likely  due  to  a different  atomic  defect  and  generation 
mechanism  since  (i)  the  measurements  by  Fischetti  were  on  metal  gate 
samples,  (ii)  the  positively  charged  defects  were  not  observed  to  capture 
electrons  since  no  saturation  is  observed  in  the  positive  charge  buildup 
which  would  be  expected  due  to  a steady  state  balance  between  electron 
capture  and  emission,  (iii)  the  positive  charge  is  located  at  the  SiC^/Si 
interface  and  is  accompanied  by  a large  build  up  of  interface  states 
(1x10  °cm  eV  in  the  484A  sample),  and  (iv)  the  positive  charge  is 
observed  after  initial  electron  trapping.  Therefore,  we  classify  the  positive 
charge  observed  by  Fischetti  as  type  2 shown  in  Figure  5.2. 

5.3-6  Gate  Oxide  Processing  Conditions 

If  the  positive  charge  is  due  to  impact  emission,  there  must  be  a high 
concentration  of  initially  neutral  oxide  traps.  In  this  section  using  gate 
oxide  processing  variations,  we  show  that  the  bridging  oxygen  vacancy,  [(Si- 
0)3 »Si  • • Sia(0-Si)3],  is  the  most  likely  candidate.  O’Reilly  and 
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Gate  voltage  shift  due  to  electron  generated  positive  oxide 
charge  versus  electron  fluence  at  7.0MV/cm  oxide  fields  in  86  to 
281A  oxides.  (2  hr.  950C  N2  anneal). 


Fig.  5.18: 
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Fig.  5.19:  Normalized  steady-state  gate  voltage  shift  due  to  the  balance 

between  generation-annihilation  after  Nj^j=1.0xl0^^cm'^ 
versus  the  oxide  voltage  drop  for  86-28 1A  oxides  stress  at 
7.0MV/cm  oxide  field  (2  hr.  950C  N2  anneal). 
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Robertson[16]  predicted  that  the  neutral  oxygen  vacancy  has  a 7.8eV  bound 
state  below  the  oxide  conduction  band.  This  is  consistent  with  the  7.0eV 
electron  threshold  energy  measured  in  the  previous  section.  Rudra  and 
Fowler[13]  predicted  a shallow  bound  state  for  the  oxygen  vacancy  with  a 
0.7eV  ± 0.5eV  thermal  activation  energy  which  is  consistent  with  the 
shallow  electron  trap  (leV)  observed  previously  by  us[12,77].  In  this 
section,  we  show  that  this  shallow  oxide  electron  trap  is  also  present  in 
these  samples  and  we  find  an  increased  positive  charge  generation  rate 
(from  the  deeper  7eV  oxide  traps)  in  samples  with  a higher  density  of  the 
shallow  leV  traps.  Oxide  process  dependence  studies  show  that  oxygen 
deficient  oxides  have  a larger  shallow  oxide  trap  density  and  positive  charge 
generation  rate,  pointing  to  the  bridging  oxygen  vacancy  or  E'  center. 

5.3-6a  Process  Dependence  of  Shallow  Oxide  Traps 

The  density  of  states(DOS)  of  the  shallow  (leV)  electron  trap  is 
measured  in  281A  dry(900C)  oxides  annealed  in  N2  and  O2  at  800C-1000C. 
The  density  of  states  are  calculated  using  the  isochronal-EFSE 
technique[12,77].  The  Price-Sah  tunnel  emission  model[22]  extended  by 
Chaudhuri,  Coon  and  Karunasiri[35]  is  used  to  analyze  the  experimental 
emission  data.  The  effective  mass  is  taken  equal  to  the  free  electron 

if: 

mass(m  =m0)  and  the  parameter  n=0  is  used  for  the  neutral  potential  well 
that  traps  the  electron.  The  isochronal  EFSE  technique,  error  analysis,  and 
the  sensitivity  of  the  results  to  model  parameters  have  previously  been 
analyzed[77]. 

Figures  5.20  and  5.21  show  the  density  of  states  of  charged  oxide  traps 
in  28 1A  dry(900C)  oxides  annealed  in  02  and  N2  at  800,  900,  and  1000C  for 
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Measured  density  of  state  of  shallow  oxide  traps  charged  at 
Eox=1.2MV/cm,  NINJ=0.5xl016cm-2,  and  T=77Kin  2 hr.  800- 
1000C  N2  annealed  281A  dry(900C)  oxide. 


Fig.  5.20: 
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Fig.  5.21: 


Measured  density  of  state  of  shallow  oxide  traps  charged  at 
Eox=1.2MV/Cm,  Nj^j=0.5xl01^cm'2,  and  T=77Kin  2 hr.  800- 
1000C  O2  annealed  28 1A  dry(900C)  oxide. 
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two  hours.  An  0.5  x lO^cm"2  electron  fluence  was  used  to  charge  the  oxide 
traps  at  77K.  To  calculate  the  density  of  states,  a centroid  equal  to  the 
oxide  thickness  is  used/  The  peak  in  the  density  of  states  is  about  leV  for 
all  the  samples.  There  is  a slight  shift  in  the  density  of  states  peak  for  the 
1000C  annealed  sample  from  1.0  to  1.2eV.  The  shift  in  the  DOS  peak  is  due 
to  the  trapped  electrons  altering  the  local  oxide  field  at  the  trap[77].  At 
lower  electron  fluence  and  trapped  charge,  the  peak  in  the  DOS  for  the 
1000C  annealed  samples  is  0.95eV.  The  800  and  900C  02  and  N2  annealed 
samples  have  approximately  the  same  oxide  trap  density.  A significantly 
higher  density  of  shallow  oxide  traps  is  observed  in  both  the  1000C  N2  and 
02  annealed  samples.  The  data  in  Figures  5.20  and  5.21  are  suggestive  of 
the  oxide  electron  trap  originating  from  an  oxygen  vacancy  since  N2  anneals 
at  800-1000C  create  an  oxygen  deficient  ambient  and  increases  oxygen 
vacancy  density.  The  02  anneal  of  a polycrystalline-Si/oxide/Si  system 
should  also  create  an  oxygen  deficient  oxide  since  the  oxide  is  sandwiched  or 
located  between  a polycrystalline-Si  and  crystalline  Si  layers  which 
effectively  block  the  diffusion  of  oxygen  into  the  oxide. 

The  N2  and  02  annealing  studies  by  Balk,  Aslam,  and  Young[30]  are 
indeed  consistent  with  our  bridging  oxygen  vacancy  model,  [(Si-0)g3Si* 

• Si«(0-Si)3],  or  a trivalent  silicon  or  silicon  dangling  bond,  [(Si-0)3=Si  - ]. 
They  found  that  a N2  anneal  above  900C  increased  the  defect  density  and 
an  02  anneal  prior  to  polycrystalline-Si  gate  deposition  decreased  the  defect 
density.  The  trivalent  silicon  defect  can  explain  the  annealing  data  but  the 
negatively  charged  state  is  expected  to  have  an  2.0eV[44]  electron  binding 
energy  which  is  deeper  than  our  measured  0.9eV.  Therefore,  we  prefer  the 


132 


bridging  oxygen  vacancy  model  to  explain  the  initially  neutral  oxide  defect 
in  both  our  and  their  samples. 

5.3-6b  Process  Dependence  of  Positive  Charge  Generation 

Figures  5.22  and  5.23  show  the  gate  voltage  shift  from  positive  charge 
generation  at  high  oxide  field  (4-7MV/cm)  versus  electron  fluence  in  oxides 
annealed  in  800C  N2  and  1000C  N2.  The  samples  annealed  in  800C  O2, 
900C  N2  and  900C  O2  have  nearly  identical  characteristics  to  those 
annealed  in  800C  N2  shown  in  Figure  5.22.  The  1000C  O2  annealed  sample 
has  nearly  identical  characteristics  to  those  annealed  in  1000C  N2  shown  in 
Figure  5.23.  A significant  increase  in  the  electron  generated  positive  charge 
is  observed  in  the  samples  with  a higher  concentration  of  shallow  oxide 
traps  (from  higher  annealing  temperature,  such  as  1000C)  as  seen  in 
Figures  5.20  and  5.21.  This  is  consistent  with  the  larger  positive  charge 
generation  during  Fowler-Nordheim  tunneling  stress  of  polycrystalline-Si 
gate  capacitors  annealed  at  temperatures  above  900C  observed  by  Holland 
and  Hu[79].  A correlation  between  the  [(Si-O)g^Si'  • Si=(0-Si)g]  defect  and 
the  electron  generated  positive  charge  is  expected  for  the  two  generation 
mechanisms:  (i)  trap-to-band  impact  emission  at  the  oxygen  vacancy  and  (ii) 
hole  trapping  since  the  bridging  oxygen  vacancy  is  also  a hole  trap[3]. 

During  positive  charge  (type  1)  generation  experiments  on  these 
samples,  electron  capture  at  initially  neutral  traps  does  not  significantly 
alter  the  local  oxide  field  to  enhance  positive  charge  generation  in  contrast 
to  positive  charge  generation  measurements  on  samples  with  a large 
concentration  of  water  related  or  intentionally  introduced  electron  traps 
(type  2)[51,62].  In  our  samples,  the  density  of  water  related  electron  traps, 
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Positive  Charge  Generation  at  High  Oxide  Field 


-0.05- 


-0.1  - 


-0.15 


A +4.0MV/cm 

• +4.5 
■ +5.0 

♦ +5.5 

J I l l 


'*\Eox=+7.0MV/cm 


800C  N2  anneal 


T=294K 

Jox=1 .54|iA/cm2 
Vcb=4.0V 


J L 


0.0 


0.5  1.0 

N|Nj  /(1016cnr2) 


1.5 


Fig.  5.22:  Gate  voltage  shift  due  to  electron  generated  positive  oxide 

charge  versus  electron  fluence  at  oxide  fields  between  4 to 
7MV/cm.  [2  hr.  800C  N£  annealed  281A  dry(900C)  oxide]. 
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Fig.  5.23: 


Gate  voltage  shift  due  to  electron  generated  positive  oxide 
charge  versus  electron  fluence  at  oxide  fields  between  4 to 
7MV/cm.  [2hr.  1000C  N2  annealed  281A  dry(900C)  oxide]. 
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measured  by  charging  at  low  oxide  field  and  room  temperature,  is  small  and 
approximately  the  same  in  all  the  800-1000C  02  and  N2  annealed  samples 
as  measured  from  the  gate  voltage  shift  at  large  electron  fluenceflO  cm  ). 
The  gate  voltage  shift  in  the  281A  oxide  after  10  °cm  electron  fluence  at 
oxide  fields  between  1 to  3MV/cm  is  less  than  0.05V  (room  temperature 
negatively  charged  trap  density  - 5xl010cm'2).  The  low  concentration  of 
water  related  traps  in  these  samples  facilitates  the  study  of  electron 
generated  positive  charge  since  the  contribution  to  the  gate  voltage  shift  due 
to  electron  capture  at  the  existing  water-related  neutral  traps  is  small  and 
does  not  need  to  be  separated  from  the  total  gate  voltage  shift.  The  trapped 
negative  charge  in  Al-gate  samples  is  typically  much  larger  than  the 
positive  oxide  charge  and  must  be  subtracted  from  the  data  to  give  the 
smaller  positive  oxide  charge[48].  The  low  concentration  of  existing  deep 
electron  traps  in  the  polycrystalline-Si  gate  oxide  used  in  this  and  previous 
studies  by  Sah,  Sun,  and  Tzou  is  most  likely  due  to  the  reduction  of  the 
water  related  traps  during  the  high  temperature  anneal  carefully 
demonstrated  by  Sah,  Sun  and  Tzou[53]. 

5.4  Conclusion 

The  bridging  oxygen  vacancy,  [(Si-0)g=Si  • • Sis(0-Si)g]  denoted  by 
Vq  and  E'  -center,  was  recognized  in  1976  by  Sah[69]  and  earlier  (1966)  by 
R.N.  Hall  as  a possible  donor  center  in  Si02  based  on  a simple  bond  model. 
In  this  chapter,  the  first  donor  state,  Vq+,  is  experimentally  demonstrated 
in  state-of-art-oxides  for  submicron  VLSI.  Emission  of  a trapped  electron  by 
electron  impact  at  the  bridging  oxygen  vacancy  is  shown  to  be  a consistent 
model  to  account  for  the  positive  oxide  charge  (V+q)  observed  after  low 
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injected  electron  fluence  at  high  oxide  fields  (5  to  8.5MV/cm)  in  110-281A 
oxides.  It  is  shown  that  the  positive  charge  generation  and  neutralization 
via  electron  capture  at  this  oxygen  vacancy  reaches  a steady-state  after  an 
electron  fluence  of  10^-lO^cm'^  [-(a^)'^]  for  oxide  fields  between  4- 
7MV/cm.  Above  this  fluence,  no  additional  net  positive  oxide  charge  is 
formed.  A threshold  energy  of  7eV  is  measured  for  impact  emission  which  is 
consistent  with  the  theoretical  calculated  bound  state  energy  by  O’Reilly 
and  Robertson[16]  of  7.8eV  for  the  bridging  oxygen  vacancy.  A shallow 
electron  trapping  level  located  leV  below  the  oxide  conduction  band  is 
measured  on  the  same  sample  which  is  consistent  with  the  0.7  ± 0.5eV  (— /0) 
shallow  state  of  the  bridging  oxygen  vacancy  calculated  by  Rudra  and 
Fowler[13].  The  trap  density  and  generation  rate  increase  in  oxides 
annealed  in  N2  at  800  to  1000C  which  is  consistent  with  the  oxygen  vacancy 
origin.  Experimental  measurements  indicated  that  (i)  the  centroid  for  the 
positive  charge  is  in  the  bulk  of  the  oxide  film  and  its  location  depends  on 
the  oxide  stress  field  and  thickness  but  asymptotically  approaching  90A 
from  the  SiC^/Si  interface  and  (ii)  the  positive  charge  is  not  present  near 
the  cathode  where  the  electron  has  not  gained  significant  kinetic  energy 
from  the  oxide  field  in  order  to  initiate  impact  emission.  Our  observed  first 
order  kinetics,  temperature  independent  generation  rate  from  77-294K,  and 
location  of  the  positive  charge  in  the  bulk  of  the  oxide  film,  all  suggest  that 
the  positive  charge  generated  at  low  fluence  (type  1)  is  different  than  the 
water-related  positive  charge  or  donor  interface  state  (type  2)  reported  at 
much  higher  fluence  by  previous  researchers. 


CHAPTER  6 
CONCLUSION 


Silicon  dioxide  has  and  will  continue  to  be  an  important  material  in 
very-large-scale-integrated  (VLSI)  circuits.  The  oxide  wearout  by  hot 
carrier  injection  in  next  generation  ultra-large-scale-integrated-circuits 
(ULSI)  with  50-100A  gate  oxides  could  be  more  severe  due  to  non-ideal 
scaling  which  results  in  higher  oxide  and  channel  electric  fields  in 
submicron  MOSFETS.  To  study  oxide  wearout  by  hot  carrier  injection,  a 
substrate  injector  test  structure  is  used  which  allows  the  oxide  electric  field 
to  be  controlled  independently  from  the  oxide  electron  current  density.  This 
allows  the  oxide  field  dependence  of  the  trap  charging-discharging  and 
generation-annihilation  processes  to  be  studied. 

Industrial  86-281A  dry,  dry/wet/dry,  and  partial  steam  thermal  oxides 
are  stressed  using  substrate  electron  injection.  New  experimental  data  is 
presented  which  shows  that  the  oxygen  vacancy  defect,  [(Si-O)gaSi*  • Si=(0- 
Si)g],  is  important  to  gate  oxide  charging.  Two  electron  bound  states  for  the 
defect  are  experimentally  measured,  a shallow  and  deep  level  located  1.0 
and  7eV  from  the  oxide  conduction  band.  The  shallow  state  is  measured 
using  a new  experimental  technique  which  uses  trap-to-band  tunneling 
emission  of  electrons.  An  energy  distribution  of  shallow  oxide  traps  is  found 
with  a density  of  states  at  about  leV.  The  same  density  of  state  versus 
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trap  energy  for  the  oxygen  vacancy  defect  is  found  in  the  thermally  grown 
oxide  thicker  than  150A.  A decrease  in  the  density  of  charged  oxide  traps  is 
found  for  oxides  less  than  100A  due  to  trap-to-gate  tunneling  emission  as 
predicted  by  Sah[3,28]. 

The  deep  level  is  concluded  from  electron  generated  positive  oxide 
charge  experiments.  Experimental  evidence  supports  that  the  positive 
charge  in  the  bulk  oxide  film  comes  from  emission  of  a deep  trapped  electron 
by  electron  impact  at  an  initial  neutral  oxygen  vacancy  defect.  An  electron 
impact  threshold  energy  of  7eV  is  measured  which  is  consistent  with  the 
theoretical  calculated  bound  state  energy  of  7.8eV  for  an  oxygen  vacancy 
which  relaxes  to  form  a silicon-silicon  bond.  The  oxide  thickness 
dependence  (86-281A)  of  positive  charge  generation  during  electron 
transport  is  SiC>2  at  high  electric  fields  is  measured.  Significantly  less 
positive  oxide  charge  is  generated  in  oxides  with  thickness  less  than  100A. 
This  is  attributed  to  the  smaller  density  of  electron  in  thinner  oxides  which 
have  the  7.0eV  of  kinetic  energy  necessary  for  electron  impact  emission. 
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